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Abstrakt

Cile: Neuromyelitis optica (NMO) a roztrousena skleréza (RS) se ¢asto projevuji obdobnymi
pfiznaky. RozliSeni obou onemocnéni je vsak dllezZité zejména z dlivodu rozdilné terapie obou
chorob. Cilem této prace je zjistit, zda Ize tato onemocnéni rozlisit na podkladé depozit zeleza
ve strukturach hluboké Sedé hmoty centralniho nervového systému (CNS) a zda existuje
korelace mezi depozity Zeleza, lokalni atrofii hluboké Sedé hmoty a klinickou zavaznosti
nemoci.

Metodika: Od prosince 2013 do bfezna 2015 bylo na oddéleni magnetické rezonance RDG
kliniky 1.LF UK a VFN na pfistroji MR 1,5T vySetfeno 40 pacient(l s relaps-remitentni formou
RS (RRRS), 20 pacientd s NMO a 20 zdravych kontrol. VSichni pacienti s RRRS splriovali
revidovand McDonaldova kritéria, diagnéza NMO byla zalozena na Wingerchukovych
kritériich. VSech 20 pacientll s NMO mélo pozitivni AQP4-IgG. Na MR bylo provedeno
kvantitativni mapovani susceptibility (QSM) a volumometrie jednotlivych struktur hluboké
Sedé hmoty. Vsichni pacienti s NMO i RRRS soucéasné podstoupili kompletni neurologické
vySetieni specialistou na demyelinizaéni onemocnéni. Neurologické postizeni bylo
hodnoceno Kurtzkeho stupnici stavu postizeni (Expanded Disability Status Scale, EDSS).

Vysledky: U pacientl s NMO byla zjiSténa zvySend magnetickd susceptibilita v substantia nigra.
Pacienti s RRRS méli nizsi hodnoty magnetické susceptibility v thalamu. Pacienti s RRRS i
skupina zdravych kontrol méla ve srovnani s pacienty s NMO atrofii thalamu, pulvinaru a
putamen. U pacientll s RRRS byla zjisténa korelace mezi neurologickym postizenim a
magnetickou susceptibilitou v putamen, korelace mezi magnetickou susceptibilitou a atrofii v
globus pallidus a putamen, korelace mezi atrofii a postizenim v putamen. Pacientli s NMO
zadna z téchto korelaci nalezena nebyla.

Zavér: Tato studie ukazuje, Ze porucha homeostazy Zeleza v mozku u pacientd s NMO se
vyskytuje v jinych strukturach nez u pacienti s RRRS. Na rozdil od pacient(i s RRRS nebyla u
pacientl s NMO zjisténa Zadnd asociace mezi depozity Zeleza, neurologickym postizenim a
lokalni atrofii struktur hluboké Sedé hmoty.

Klicova slova:
Neuromyelitis optica, roztrousend sklerdza, magneticka susceptibilita, hluboka Seda hmota,
EDSS, kvantitativni mapovani susceptibility



Abstract

Background: Neuromyelitis optica (NMO) and multiple sclerosis (MS) often manifest similar
symptoms. However, the distinction between the two diseases is particularly important for
different therapies. The aim of this study is to determine whether these diseases can be
distinguished based on cerebral iron deposits in the deep grey matter and whether there is a
correlation between iron deposits, local deep grey matter atrophy and clinical severity of the
disease.

Methods: 40 patients with relapsing-remitting MS (RRMS), 20 patients with NMO and 20
healthy subjects were examined at the MRI department of the 1st Faculty of Medicine of
Charles University in Prague from December 2013 to March 2015. All patients with RRMS
fulfilled the revised McDonald criteria, the diagnosis of NMO was based on Wingerchuk
criteria. All 20 patients with NMO had positive AQP4-IgG. Quantitative susceptibility mapping
(QSM) and volumometry of individual deep gray matter structures were performed. All
patients with NMO and MS underwent simultaneous examination by a specialist in
demyelinating diseases. Neurological disability was assessed by the Kurtzke Disability Status
Scale (EDSS).

Results: Patients with NMO have higher magnetic susceptibility values in the substantia nigra
compared to healthy controls. Patients with RRMS had lower magnetic susceptibility values in
the thalamus. Patients with RRMS and healthy controls had atrophy of the thalamus, pulvinar
and putamen compared to patients with NMO. In patients with RRMS, there was a correlation
between neurological impairment and magnetic susceptibility in the putamen, a correlation
between magnetic susceptibility and atrophy in the globus pallidus and putamen, and a
correlation between atrophy and impairment in the putamen. None of these correlations
were found in patients with NMO.

Conclusions: This study confirms that the disruption of brain iron homeostasis in NMO
patients occurs in different structures than in RRMS patients. In contrast to RRMS patients,
no association was found between iron deposition, neurological impairment, and local
atrophy of deep grey matter structures in NMO patients.

Keywords: Neuromyelitis optica, multiple sclerosis, magnetic susceptibility, deep grey
matter, EDSS, quantitative susceptibility mapping
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Seznam zkratek

AQP4-1gG Protilatka proti agquaporin 4

CIS Klinicky izolovany syndrom

CNS Centrdlni nervovy systém

DIS Dissemination in space (diseminace v prostoru)
DIT Dissemination in time (diseminace v Case)
FLAIR Fluid-attenuated inversion recovery

HC skupina zdravych kontrol, Healthy controls
LETM Longitudinally extensive transverse myelitis
MOG myelinovy oligodentrocytarni glykoprotein

MR Magneticka rezonance

NMO Neuromyelitis optica

NMOSD Neuromyelitis optica spectrum disorder (neuromyelitis optica a poruchy jejiho

SirSiho spektra)

RRRS Relaps-remitentni roztrousena sklerdza)
RS Roztrousena skler6za

SN Substantia nigra

TiW T1 vazeny obraz

T2W T2 vaieny obraz



1. Uvod

Zelezo hraje ddleZitou roli v mnoha biologickych procesech v lidském organismu. Jako kofaktor
se podili na fadé oxidativnich a redukcnich proces(, napt. pfi syntéze neurotransmiterd Ci
tvorbé DNA. V organismu existuje mnoho mechanism( k regulaci jeho metabolismu v burikach
a jeho transportu (Bartova P., 2012). Poruchy metabolismu Zeleza a jeho zvySené ukladani v
urcitych oblastech mozku jsou spojovany s fadou neurologickych onemocnéni, jako jsou napfr.
Alzheimerova choroba, Parkinsonova choroba, Wilsonova choroba, Huntingtonova choroba,
roztrousena sklerdza ¢i neuromyelitis optica. Pro kvantifikaci a mapovani ukladani Zeleza v
mozku lze vyuZit zobrazovacich metod, konkrétné specidlnich technik magnetické rezonance
(MR).

Tato préace je zamérena na stanoveni Zeleza v mozku pomoci MR u pacientli s neuromyelitis
optica (NMO) a roztrousenou sklerdézou (RS) a soucasné na hodnoceni lokalni atrofie struktur
hluboké Sedé hmoty CNS u téchto skupin pacientd.

Obé tato onemocnéni se ¢asto projevuji obdobnymi pfiznaky a odliSeni obou chorob muze byt
velmi obtizné. Diferenciace mezi NMO a RS je velmi dlleZita predevsim z terapeutického
hlediska, protoze se lé¢ebné postupy obou onemocnéni vyrazné lisi. NMO musi byt diky
tézkym devastujicim atakam lééena mnohem agresivnéji, a to jak v obdobi ataky, tak i mezi
nimi. Lékem prvni volby u NMO jsou cytostatika nebo monoklonalni protilatky. Naopak Iéky
doporucované jako Iéky prvni volby u RS nejsou u pacientl s NMO doporucovany a mohou mit
negativni efekt.

2. Cile prace a hypotézy

Cilem této prace je zjistit, zda lze onemocnéni neuromyelitis optica a relaps-remitentni formu
RS (RRRS) rozlisit na podkladé depozit Zeleza v hluboké Sedé hmoté CNS a zda existuje
korelace mezi depozity Zeleza, lokdlni atrofii struktur hluboké Sedé hmoty a klinickou
zavaznosti nemoci.

Byly stanoveny ndsledujici hypotézy:

Hypotéza 1: Ke zvySenému uklddani Zeleza v hluboké Sedé hmoté dochazi v rozdilnych
lokalizacich.

Hypotéza 2: U obou onemocnéni existuje souvislost mezi lokalni atrofii struktur hluboké Sedé
hmoty, depozity Zeleza a klinickou zavaznosti nemoci.
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3. Neuromyelitis optica a jeji zobrazeni na MR

Neuromyelitis optica - NMO (Devicova choroba) je devastujici autoimunitni onemocnéni
centralniho nervového systému, které se klinicky manifestuje zanéty zrakového nervu, michy
a mozkového kmene. Tato choroba byla popsana jiz na konci 19. stoleti (1894) Eugenem
Devicem jako monofazické zanétlivé onemocnéni postihujici michu a zrakové nervy soubézné
nebo v tésné navaznosti. Dlouho byla povaZovana za agresivni podtyp roztrousené sklerdzy.
Vzhledem k tomu, Ze terapie obou chorob je zcela odlisn3, je jejich rozliseni zasadni.

Obé choroby byly definitivné diferencovany po objevu protildtek proti antigenu
akvaporin-4 (NMO-1gG/AQP4-1gG) vroce 2004 u pacientd spliujicich plvodni
Wingerchukova kritéria pro NMO (Lennon V.A., 2004). Antigen AQP4-1gG je exprimovan
zejména astrocyty, je soucasti vodni homeostazy a soucasti hematoencefalické bariéry.
Selektivni destrukce a dysfunkce astrocytl vede k demyelinizaci a ztraté neuron.

Vzhledem ktomu, Ze se u rady pacientl i pres pozitivitu protilatek proti akvaporinu-4
nepodafilo naplnit diagnosticka kritéria pro NMO, byla v roce 2007 vytvorena skupina poruch
SirSiho spektra NMO, tzv. NMOSD (neuromyelitis optica spectrum disease). Plati pro ni
specifickd diagnosticka kritéria, kterd byla naposledy revidovdna v roce 2015 a rozdélila
pacienty NMOSD do 2 kategorii:

e Skupina s protilatkami proti AQP4 (séropozitivni NMOSD)
e Skupina bez protilatek proti AQP4 (séronegativni NMOSD)

U casti pacientd AQP4 séronegativni NMOSD byla zjiSténa protilatka MOG (myelinovy
oligodentrocytarni glykoprotein). V téchto pfipadech mluvime o MOG encefalomyelitidé,
ktera ma obdobné klinické projevy jako NMO.

Pfesnd prevalence NMO v Ceské republice neni zndma, ale odhaduje se na 1%
demyelinizacnich onemocnéni (KKNEU0031, 2020). Ve svété jsou v prevalenci tohoto
onemocnéni vyznamné rozdily, vyrazné vyssi je u Asijské a Africké populace (Papp V., 2021).
Castéji se vyskytuje u Zen, median jeho prvni manifestace je 39 let, ale mdze se vyskytnout
v jakémkoliv véku (Nytrova P., 2015).
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3.1. Klinicky obraz

NMO se projevuje bolesti za okem, vypadky zorného pole, zménou barvocitu nebo snizenim
zrakové ostrosti. Typicky ma pomérné rychly rozvoj s vyraznym otokem na papile. Zmény se
mohou rozvinout béhem nékolika hodin a mohou mit tézky pribéh bez uplné Upravy. U
jedincl nad 50 let je pak ¢asto mylné povaZovana za ischemickou neuropatii.

Pivodné bylo onemocnéni popsano jako monofazické, jeho prlibéh vsak muize mit formu
relaps-remitentni a ojedinéle se lze setkat i s primarné progresivnim pribéhem.

Kmenové priznaky jako zvraceni ¢i neztiSitelny singultus se vyskytuji u ¢tvrtiny nemocnych (sy.
area postrema). Neni vzacna ani ztrata sluchu, diplopie, neuralgie trigeminu a nystagmus.
Postizeni dechového centra vede k respiraénimu selhani, postizeni hypothalamu se projevuje
polyurii, nadmérnou denni spavosti, hypotermii, hypotenzi a obezitou. Myelitida probiha
Casto pod obrazem para- ¢i kvadruparézy nebo plegie s poruchami Citi a sfinkterovymi
poruchami.

U casti pacientll pozorujeme také dalsi autoimunitni onemocnéni jako systémovy lupus
erythematosus (SLE), Sjogrentv syndrom ¢i myastenia gravis (Nytrova P., 2015).

3.2. Nadlezy na MR

MR mozku

Plivodné se predpokladalo, Ze na MR mozku nemaji pacientis NMO zadny nélez. 50 % pacientl
ma vSak ndlez na MR mozku jiz v pocatku onemocnéni, v dalSim pribéhu se toto procento
zvysuje. Hyperintenzni loZiska v T2W obraze a FLAIR (obr. 1,2) jsou patrna zejména v oblastech
se zvySenou expresi antigenu AQP4, ale mohou se vyskytnout také v oblastech, které s expresi
tohoto antigenu nejsou spjaty (Vanéckova M., 2020).

Obvykla lokalizace patologii je:

1. Diencefalon a okoli lll. komory a akveduktu
- periependymalni oblast mezimozku pfilehlou k Sylviové akveduktu, kolem Ill. a IV.
komory, nékdy zasahuijici i do oblasti hypothalamu.
- Oblast s vysokou expresi AQP4
- Typické pro NMOSD ale ne pro RS
2. Loziska v dorzdIni ¢asti kmene a okoli IV. komory
- Typicka loziska pro NMOSD
- Velky vyznam u séronegativnich pacientu
- Vysoce specifické je postiZzeni area postrema a nucleus tractus solitarius, klinicky
mu odpovida sy. area postrema
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-V prodlouZzené mise byvaji loZiska drobnd a linearni a mohou prechazet na kréni
michu
- Casto je pfitomno i postizeni dorzalniho pontu a mozec¢ku

3. Lotziska v oblasti bilé hmoty a mozkovych laloku
- postizeni muze byt znacné rozsahlé, casto vétsi nez 3 cm
- Casto vyplnujici celé corpus callosum a prechazejici pres stfedni ¢aru
- loZiska uni- i bilateralni
- zahrnuji subkortikdIni nebo hlubokou bilou hmotu
- nebyva pfitomen mass efekt
- jsou vietenovitého i paprscitého tvaru
- zvySeni signdlu na ADC mapé jako korelat vasogenniho edému u akutnich
demyelinizaci
- rozsahlejsi postizeni u AQP4 pozitivnich pacientt
- v chronickych fazich se loZiska zmensuji a mohou se objevit cystické zmény

4. loziska v okoli postrannich komor

- lozZiska v okoli postrannich komor méné ¢asto nez v blizkosti Ill. a IV. komory

- uloZena obvykle paralelné s pribéhem komory (na rozdil od RS, kde vidame loZiska
ovoidni, kolma na postranni komory, oznacované jako tzv. Dawsonovy prsty)

- chybi kortikdlni postizeni a léze v oblasti bilé hmoty nemaji typicky centralné
uloZzenou venulu jako u pacientl s RS

- postizeni corpus callosum nékdy pfipodobriovano k mramorovani

- v chronické fazi se ¢asto zmensuiji, objevuji se cystické zmény, mohou i vymizet

- muze dojit k atrofii corpus callosum

5. postizeni pyramidové drahy v oblasti zadniho raménka capsula interna a v oblasti
mozkovych pendukul(
- unilateralni i bilaterdlni postizeni
- tato oblast neni spojend s expresi AQP4
- nenijasné, proc je postizena
6. nespecifické loZiskové postizeni bilé hmoty supratentorialné
- Casté, nespecifické drobnoloZiskové postizeni
- loZiska byvaji asymptomaticka

Po podani kontrastni latky nékdy byva popisovan ,,cloud like enhancement” (obr. 3). Ten je na
rozdil od RS diskrétni a hGife ohrani¢eny. Dale mUzZe byt pfitomno syceni ependymu komor,
které se prirovnava k obtaZeni tuzkou ¢i syceni noduldrni, prstencité nebo leptomeningealni
(Vanéckova M., 2020).
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Obr.1: LoZiskové postiZeni mozku pacienta s NMO, loZiska oboustranné supratentoridlné v bilé hmote
hyperintenzni v T2W (a) a FLAIR (b), hypointenzni v TIW (c)
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Obr. 2: LoZiskové postizeni mozku pacienta s NMO, loZiska oboustranné supratentoridlné v bilé hmote
hypointenzni v TIW (a), hyperintenzni ve FLAIR (b)

Obr. 3: LozZiskové postiZeni pontu u pacienta s NMO v T1W nativné a po poddni kontrastni Idtky i.v.
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Postizeni optického nervu

Postizeni optického nervu — optickd neuritida, se v MR obraze zobrazuje rozsitenim nervus
opticus, zvySenim jeho signdlu v T2W a sycenim po poddani kontrastni latky (obr. 4). Obvykle je
patrno oboustranné postizeni s lozisky, kterd zaujimaji vice nez 50% délky optického nervu.
Na rozdil od RS je obvykle postizeno chiasma opticum. Toto postiZzeni je typické pro akutni
staddium a je patrno pouze po pfechodnou dobu. V chronickém stadiu nemoci muze byt patrna

atrofie optického nervu svariabilné zvySenym signdlem vT2W (Vanéckovd M., 2010,
Ramanathan S., 2016).

Obr. 4: PostiZeni optického nervu vpravo u pacienta s NMOSD. Korondini T2W snimek. Opticky nerv vpravo
rozsireny, hyperintenzni. Vlevo obvykly obraz nervus opticus.

MR patere:

Typickym ndlezem na miSe je longitudinalni extenzivni transverzalni myelitida (Longitudinally
extensive transverse myelitis, LETM). LoZiska jsou rozsahlejsi nez u RS. Obvykle dosahuji
pramérné délky 4,5 — 8,7 obratlovych segmentll a postihuji centralni Sedou hmotu podél
centrdlniho kandlku. To koresponduje s oblasti vyssi exprese AQP4. Pokud jsou loZiska
rozsahlejsi, zasahuji i do periferie a na transverzalnich fezech postihuji vice nez 50 % plochy
michy.
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Typicky jsou patrna v kréni a hrudni miSe jako T2W hyperintenzni loZiska (obr. 5-7). V akutnim
stadiu je pritomen edém. V T1W jsou lozZiska hypointenzni. Pokud je loZisko hyperintezni
v T2W s vyrazné hyperintenznimi teckami, které koreluji s TIW hypointenzitami, jednd se o
lozisko typické pro NMO ne pro RS.

Postkontrastné dochazi ¢asto k syceni lozisek. Toto syceni byva nepravidelné, oblackovité a
mUzZe pretrvdvat i nékolik tydnd. Po léc¢bé kortikoidy mlze dojit k vymizeni ¢i fragmentaci
loZisek. Pokud je MR provedena v této dobé, zobrazi se viceCetna drobnd lozZiska, kterd
nespliuji kritéria pro LETM. Obdobna kratsi loZiska mizZeme najit také u pacientll na chronické
imunosupresivni terapii pro jiné autoimunitni onemocnéni ¢i u pacientl po |écbé optické
neuritidy.

Postupné u rady pacientl dochazi k atrofii michy, ktera koreluje s neurologickym postizenim.

Pokud je atrofie michy rozsahu alespon 3 obratlovych segmentt, umoZnuje i bez pfitomnosti
LETM splnéni revidovanych kritérii pro NMOSD z roku 2015.

Obr. 5: PostiZzeni michy pacienta s NMO na prechodu kréni a hrudni pdatere. Hyperintenzni loZisko michy postihujici
vétsinu prarezu, transverzalni T2W obraz.
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Obr. 7: MR pdtere pacienta s NMO, nativni a postkontrastni vySetfeni. LETM na T2W (a), prakticky bez koreldtu
na T1W (b), postkontrastni cloud-like enhancement (c), kontrolni vysetreni po terapii s vyraznou regresi loZiska,
T2W (d), nové loZiskové postiZeni hrudni pdtere na vysetreni po 3 letech, T2W (e)

3.3. Stanoveni diagnozy

Pro stanoveni diagnézy NMO jsou pouzivana Wingerchukova kritéria z roku 2006 (Wingerchuk
D.M., 2006) s revizi v roce 2015 (Wingerchuk D.M., 2015), kdy byly sjednoceny pojmy NMO a
NMOSD. Vzhledem k vétsi mirfe diagnostické nejistoty a potencidlni heterogenité
séronegativni NMOSD byla vypracovdna kritéria jak pro NMOSD s AQP4-1gG, tak pro NMOSD
bez AQP4-IgG.

Diagnostika NMOSD rozlisuje 2 zdkladni situace:

- antiAQP4-1gG pozitivni pacienti

- antiAQP4-1gG negativni pacienti
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Stanovuje se dle nasledujicich kritérii:

Séropozitivni NMOSD

1.

3.
4.

Naplnéni alespon jedné jadrové klinické charakteristiky

Pfidatna MR kritéria jen v pfipadé symptomatické narkolepsie, akutni
diencefalického syndromu a cerebralniho syndromu

Pozitivita antiAQP4

Vylouceni jinych pficin

Séronegativni NMOSD

1.

Naplnéni alespon 2 jadrovych klinickych charakteristik (alespon jednou z nich musi byt
optickd neuritida, postizeni michy LETM ¢i syndrom area postrema za podminky
diseminace v prostoru)

Naplnéna MR ptidatna kritéria

Negativita antiAQP4

Vylouceni jinych pficin

Jadrové klinické charakteristiky

vk

6.

Opticka neuritida

Akutni myelitida

Syndrom area postrema

Akutni kmenovy syndrom

Symptomatickd narkolepsie a akutni diencefalicky syndrom (s NMOSD typickymi
mozkovymi [ézemi)

Symptomaticky cerebralni syndrom (s NMOSD typickymi mozkovymi lézemi)

Pridatna MR kritéria — specificky MR obraz pro jednotlivé jadrové charakteristiky

1.

Opticka neuritida
a. Normalni MR nalez na mozku ¢i nespecifické zmény bilé hmoty
b. Hyperintenzity optického nervu v T2W ¢i syceni optického nervu presahujici
polovinu jeho délky ¢i zasahujici do chiasmatu
Akutni myelitida — LETM postihujici alespon 3 obratlové segmenty nebo kontinualni
fokalni atrofie postihujici alesponi 3 segmenty
Sy. area postrema — MR nadlez v dorzalni medulla oblongata
Akutni kmenovy sy. — odpovidajici kmenova léze na MR s periependymalnim uloZzenim

(KKNEU0031, 2020)

20



4. Roztrousena sklerdza a jeji zobrazeni na MR

Roztrousena skleréza (RS) je chronické zanétlivé demyelinizacni onemocnéni centralni
nervové soustavy (CNS) vedouci k demyelinizaci nervovych vldken a jejich nasledné ztraté.
Jedna se o autoimunitni onemocnéni, kde cilovymi antigeny jsou antigeny myelinové pochvy
nervovych vldken v CNS. Postihuje zejména mladé lidi ve véku 20-40 let, Zeny onemocni 2x
¢astéji nez muzi. Incidence RS v Ceské republice je 11,7 nemocnych na 100 000 obyvatel za
rok.

4.1. Klinicky obraz

O typu klinickych priznak( rozhoduje misto CNS, kde se vytvofilo zanétlivé lozisko. Jednotliva
loZiska v pribé&hu nemoci maji tendenci splyvat. Rozsah splyvajicich loZisek pak koreluje s tizi
neurologické poruchy.

Nejcastéjsi priznaky jsou:

1. opticka neuritida —jeden z nejéastéjSich poc¢atecnich priznak(, projevuje se zamlzenym
vidénim, bolesti pfi pohybu bulbu, vypadky zorného pole, poruchami barevného vidéni

2. poruchy citlivosti — Casty casny ptiznak, hypestezie, parestezie, hyperestezie bez
typické periferni distribuce, ¢asto jsou bagatelizovany a mohou béhem nékolik tydn(
vymizet bez navstévy lékare

3. centralni poruchy hybnosti (parézy) provazené spasticitou, vys$simi reflexy a
pfitomnosti pyramidovych iritacnich jev(.
postizeni mozkovych nervl — nejcastéji internuklearni oftalmoplegie

5. vestibulocerebelldrni poruchy — intenéni tremor, dyskoordinace, dysartrie, mozeckova
skandovana rec, poruchy rovnovahy, porucha posturalnich reflexd, nystagmus

6. sfinkterové obtize

7. deprese

8. patologicka unava

9. kognitivni poruchy (Havrdova E., 2008)

Pribéh onemocnéni je nejcastéji relaps-remitentni s rizné dlouhymi obdobimi remisi a s
riznou mirou trvalych nasledk( po jednotlivych atakach. Ddle prechazi do stadia sekundarni
chronické progrese, kdy zvolna postupuje neurologickd invalidita. Pokud dojde k tomuto
pozvolnému nardstu onemocnéni jiz od pocatku, oznacujeme tento typ za primarni progresi.
Asi 3 % pacientd maji tzv. maligni pribéh — relabujici progredujici formu, kterd je
charakterizovana tézkymi atakami, progresi neurologického nalezu a ¢asnou invaliditou.
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Onemocnéni neni vylécitelné. Pfi véasné |écbé Ize viak ¢asto ovlivnit pribéh nemoci, zvlasté
pokud je lé¢ba zahdjena v obdobi prvnich klinickych ptiznakl (klinicky izolovaného syndromu
- CIS).

Cilem diagnostického procesu je prokazat diseminaci zanétlivého procesu v prostoru CNS a v
Case za pomoci klinického ndlezu, MRI a vysetfeni likvoru.

4.2. Nalezy na MR

MR mozku

Zakladnim patologickym nalez u RS na MR mozku jsou hyperintenzni lozZiska v T2W a FLAIR
(obr. 8), tzv. plaky, kterd mohou i nemusi mit koreldt T1W jako hypointenzni loziska, tzv. ¢erné
diry (,black holes”). Tato v TIW hypointenzni loZiska vznikaji na podkladé vyrazné tkanové
destrukce, axondlni ztraty a demyelinizace. Vyskytuji se zejména v zadni jamé lebni a miSe.
Musi mit koreldt s hyperintenznimi loZisky v T2W obrazech. Postkontrastni syceni loZisek
svéddi pro poruseni hematoencephalické bariéry a je znamkou aktivity onemocnéni. Vzhledem
k tomu, Ze se syceni objevuje pouze v kratkém ¢asovém intervalu — obvykle 2-12 tydnd a 90 %
loZisek vymizi do 6 mésicl, nema tento parametr obvykle v rocnich kontrolnich vysetfenich
vétsi vyznam (Vanéckovd M., 2018). O aktivité onemocnéni tak informuje vice pfitomnost
aktivnich loZisek (novych ci zvétSenych) v T2W obrazech (Vanéckova M., 2019). Podani
kontrastni latky je vSak nutné k potvrzeni diseminace v ¢ase, ktera je jednim z McDonaldovych
kritérii.

Okolo T2W hyperintenznich lézi mize byt pfitomen edém, ktery se zobrazuje jako hald. Tento
edém postupné vymizi a loZiska dosahnou své skutecné velikosti do 6 mésict (Vanéckova M.,
2008).

LoZiska se mohou vyskytnout v jakékoliv ¢asti mozku ¢&i michy, predilekéné se vSak vyskytuji
periventrikuldrné, v corpus callosum a juxtakortikalné. Léze v corpus callosum se typicky Sifi
radialné od povrchu komor a nazyvaji se Dawsonovy prsty. Inftratentorialné mohou byt léze
v mozecku, pontu, mezencefalu ¢i prodlouzené mise. Hluboka Sedd hmota byva postizena
zfidka — obvykle bazalni ganglia ¢i thalamus.

V Sedé hmoté kortikalné, subkortikalné ¢i v hluboké Sedé hmoté se mohou vyskytnout také
T2W hypointenzni loziska. Jejich podkladem je ukldadani Zeleza. Vyskytuji se zejména
v thalamu, v putamen, v nucleus caudatus i rolandické sedé hmoté (Bakshi R. et al., 2000).
Tato loZiska vyrazné koreluji s délkou nemoci, klinickym pribéhem a stupném neurologického
postizeni. Koreluji také s mozkovou atrofii a objemem patologickym T2W hyperintenznich
lozZisek (Bermel R. et al., 2005, Brass S. et al., 2006)
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Obr. 8: LoZiskové postiZzeni mozku u pacienta s RS, transverzdlni rezy, hypointenzni loZiska v T1W (a),
hyperintenzni loZiska ve FLAIR (b)

Obr. 9: LoZiskové postiZeni michy v udrovni C3 u pacientky s RS, sagitdini fezy, hypointenzni loZisko v TIW (a),
hyperintenzni loZisko v T2W (b)
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MR pateie

Intramedularni loZiska se u pacientll s RS vyskytuji ¢asto. Typicky plaka nepresahuje 2
obratlova téla a je uloZena excentricky (obr. 9). V 60 % je postizena kréni micha a ve vice nez
poloviné pfipadl je pfitomno vice nez 1 loZisko (Vanéckova M., 2013).

4.3. Stanoveni diagnozy

Pro diagnostiku jsou pouzivdna McDonaldova kritéria pfijatd vroce 2001 a revidovana
naposledy v roce 2017. Kritéria jsou kombinaci klinickych a paraklinickych vysetfeni. Umoznuji
diagnostikovat RS uZ po prvni atace z prvniho MR skenu, pokud splfiuje podminky diseminace
procesu v prostoru a case. Diseminace v prostoru (dissemination in space, DIS) znamena
pfitomnost alespon jedné T2- hyperintenzni léze ve 2 ze 4 lokalizaci typickych pro RS
(periventrikularné, juxtakortikalné, infratentoridlné nebo v mise). Diseminaci v Case
(dissemination in time, DIT) pfedstavuje soucasna pfitomnost asymptomatickych Ci
symptomatickych postkontrastné se syticich a nesyticich |ézi. Pokud tato kritéria nejsou
splnéna, je nutné provést kontrolni MR vysetfeni s casovym odstupem (Sladkova V., 2015).
Diseminaci v ¢ase pak potvrzuje alesponi jedno nové lozZisko v T2W nebo nové se sytici loZisko
(tab. 1, tab. 2).

Tab. 1: Revidovand McDonaldova kritéria 2017 (Thompson et al, 2017)

Klinicky stav Dopliikova data nutna pro dg

2 a vice atak, objektivné pritomnost 2 a vice lézi | Dg. RS, dalsi vySetfeni nejsou nutnd

2 a vice atak, objektivné pritomnost 1 léze Dg. RS, dalsi vySetteni nejsou nutnd
(v anamnéze predchozi ataka v odlisné
anatomické lokalizaci)

2 a vice atak, objektivné pfitomnost 1 |éze Diseminace v prostoru demonstrovana dalsi
klinickou atakou jiné lokalizaci ¢i na DIS MR

1 ataka, objektivné pfitomnost 2 a vice lézi Diseminace v ¢ase demonstrovana dalsi
klinickou atakou nebo DIT na MR nebo
pritomnost RS specifickych oligoklonalnich pasl

1 ataka, objektivné pritomnost 1 léze Diseminace v prostoru charakterizovana dalsi
klinickou atakou jiné lokalizace nebo DIS na MR
a diseminace v ¢ase charakterizovana dalsi
klinickou atakou nebo DIT na MR nebo
pfitomnost RS specifickych oligoklonalnich pasl
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Tab. 2: Revidovand McDonaldova kritéria 2017 pro diseminaci v prostoru a ¢ase na MR (Thompson et

al, 2017)

Diseminace v prostoru

Diseminace v ¢ase

21 T2W lozisko ve 2 ze 4 typickych lokalizaci
Periventrikuldrné

Juxtakortikalné/kortikalné

Infratentorialné

Intramedularné

Soucasnd pfitomnost syticiho a
nesyticiho se loZiska
Alespon 1 nové T2W lozZisko nebo

sytici se lozisko

4.4.

Porovnani patologii na MR mozku u pacientd s NMOSD a RS

Jak jiz bylo uvedeno vyse, je rozliSeni NMOSD a RS velmi dulezité zejména pro spravnou terapii

onemocnéni a MR hraje v jejich diagnostice dllezitou roli. Srovnani patologickych ndlez( na

MR mozku u obou téchto onemocnéni je prehledné uvedeno v tabulce 3.

Tab. 3: Rozdilné patologické ndlezy na MR mozku u pacient( s RS a NMOSD (Vanéckovd M., 2020)

NMOSD

RS

Periventrikuldrni loZiska zasahujici k postrannim
komoram a do corpus callosum

LoZiska orientovand kolmo k postrannim
komoram (Dawsonovy prsty)

Rozsahla, edematozni loZiska, heterogenni
(mramorovana) loZiska v corpus callosum

LoZiska lokalizovand v kaudalni ¢asti corpus
callosum nebo v oblasti calloso-septalni

Rozsahla, splyvajici loZiska v mozkovych lalocich

Drobna ovoidni loZiska

LoZiska pfilehld k postrannim komoram, Ill. a IV.
komore, podél ependymalni vystelky

LoZiska zasahujici periventrikuldrné v oblasti
dolni ¢asti temporalniho laloku

Rozsahla, extensivni loZiska kortikospindlniho
traktu

Juxtakortikalni loZiska v oblasti U vliakem

Kortikalni loziska raritni

Kortikalni loZiska Casta

Periventrikularni loziska méné casta

Periventrikulari loZiska casta

Asymptomaticka loZiska méné ¢astd

Asymptomaticka loZiska vice ¢asta
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4.5. Hodnoceni neurologického postizeni

Pro objektivni hodnoceni neurologického postizeni a zavaznosti priznak( se pouziva
Kurtzkeho stupnice postiZzeni - Expanded Disability Status Scale (EDSS) (Kurtzke J.F., 1983).
Vychazi se standardniho neurologického vySetfeni.
Hodnoti se mobilita a 7 funkénich systéma (FS):

e Zrakovy

e Kmenovy

e Pyramidovy

o Mozeckovy

e Senzitivni

e Mentalni

e Sfinkterové funkce

Kazdy systém je hodnocen ve skale 0-5(6), kdy 0 zna¢i normu, 1 —mirné abnormality, dalsi pak
hodnoty dle stupné postizeni.

0 — normalni ndlez (vSechny FS = 0)
1,0 — bez postiZeni (jeden FS =1, ostatni = 0)
1,5 — bez postizeni (dva FS = 1, ostatni = 0)
2,0 — minimalni postizeni v jednom FS (jeden FS = 2, ostatni FS = 0 nebo 1)
2,5 — minimalni postizeni ve dvou FS (dva FS = 2, ostatni FS = 0 nebo 1)
3,0 — stfedni postizeni v jednom FS (jeden FS = 3, ostatni FS = 0 nebo 1)
3,5 — stfedni postiZzeni v jednom FS (jeden FS = 3), lehka postizeni v jednom nebo dvou (FS =
2), ostatni FS = 0-1
4,0 — chize bez opory a bez zastaveni 2500 m,
4,5 — chlze bez opory a bez zastaveni 2300 m,
5,0 — chlize bez opory a bez zastaveni 2200 m,
5,5 — chlize bez opory a bez zastaveni > 100 m
6,0 — jednostrannd opora v chizi, schopen ujit 2 100 m s nebo bez zastavky
6,5 — oboustranna opora v ch(izi, schopen ujit > 20 m s nebo bez zastavky
7,0 — neschopen ujit 5 m ani s pomoci, odkazany na invalidni kfeslo, s nimz je schopen se
pohybovat sdm a stejné jako zvlada transfer na néj a z néj
7,5 — odkazany na invalidni kfeslo, potfebuje pomoc s transferem na kfeslo a/nebo s
ovladanim kresla 8,0 —odkdazany na lGzko nebo invalidni kieslo, vétSinu dne mimo lGzko, zvlada
nékteré ukony sebeobsluhy a efektivné pouziva horni koncetiny
8,5 — odkazany na lGzko po vétSinu dne, nékteré ukony sebeobsluhy zvlada stejné, jako
efektivné pouziva horni koncetiny.
9,0 — bezmocny pacient, schopen polykat i komunikovat
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9,5 — zcela bezmocny pacient, neschopen polykat ani komunikovat
10 — smrt v dlsledku RS
(Dufek M., 2011)

5. Ukladani zeleza v mozku

Zelezo patfi mezi esencidlni stopové prvky a je nezbytné pro mnoho pochodl v lidském
organismu. V mozku se ucastni mnoha neurobiologickych proces(, jako jsou syntéza
neurotransmiterll, transport kysliku, mitochondridlni respirace, syntéza a reparace DNA,
ochrana buriky ¢i myelinizace. Zasobni Zelezo v mozku je ukladano predevsim ve formé feritinu
jako tzv. bezpecéné Zelezo, které je obklopeno protektivnimi proteiny. Jsou popisovany 2 typy
feritinu, protein s tézkym a lehkym fetézcem. Tézky feritin se nachazi predevsim v organech
s vysokou utilizaci Zeleza a je schopen efektivné Zelezo uvolfovat. Lehky feritin je naopak
spojovan s ukladanim Zeleza. Pokud dojde k poskozeni protektivnich molekul feritinu nebo se
zvysi podil volného Zeleza v disledku nedostatku feritinu v burikach, projevi se jeho toxicita.
Volné Zelezo pUsobi jako katalyzator pfi tvorbé volnych radikald z reaktivnich forem kysliku
prostfednictvim Fentonovy reakce, kdy v pfitomnosti tranzitnich kov( (Fe %*) se H , O »
redukuje a vznika vysoce aktivni a toxicky hydroxylovy radikal (H,0, + Fe?* > HO- + OH- + Fe?")
(Fenton H.J.H., 1894, Orino K. et al.,2001). Tyto radikaly pak vedou k degradaci biomolekul a
mohou zpUsobit apoptozu. Patologickd akumulace Zeleza v CNS je spojovana s fadou
neurologickych onemocnéni, mezi které patfi napf. Alzheimerova choroba, Parkinsonova
choroba, Wilsonova choroba ¢i RS (Schneider S.A. et al., 2013, Dusek P. et al, 2012, Bulk M. et
al., 2018, Burgetova A., 2010).

K ukladani zZeleza v mozku dochdzi i béhem fyziologického starnuti mozku. Znalost zmén
souvisejicich s véekem muUzZe byt ndapomocna pfi detekci nékterych neurodegenerativnich a
zanétlivych procesu.

Histopatologické studie provedené postmortem ukdzaly, Ze k nejvyssi akumulaci Zeleza
béhem fyziologického starnuti dochazi v globus pallidus a substantia nigra, ddle v nucleus
ruber, putamen, ncl. caudatum a ncl. dentatum a v subtalamickém jadru, tedy ve strukturach
patficich k extrapyramidovému systému. Thalamus se chova odliSné od téchto struktur.
V thalamu se hodnoty susceptibility zvysuji do 4. dekdady, ale poté zacinaji klesat. Vyjimkou je
pulvinar thalami, ve kterém dochazi ke zvySovani susceptibility v pribéhu celého Zivota
(Hallgren B., 1958, Fiehring H.,1986).

V oblasti kortexu dochazi k nejvyssimu ukladani Zeleza s vékem v oblastech souvisejicich
s motorickymi funkcemi (Hallgren B., 1958).
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6. Hodnoceni akumulace zeleza v mozku pomoci MR

Pokrocilé MR techniky citlivé na Zelezo maji schopnost in vivo neinvazivné kvantifikovat
mnozstvi Zeleza v mozku. Mezi tyto techniky se fadi T2 relaxometrie (R2*), zobrazovani
korelace magnetického pole, fazové zobrazovani a kvantitativni mapovani susceptibility (QSM)
(Langkammer C.et al., 2010, Khalil M. et al.,2009).

Méreni Zeleza ma vyznam nejen pro diagnostické ucely, ale také pro hodnoceni progrese,
zejména, pokud se Zelezo podili na patofyziologii onemocnéni nebo koreluje se stavem
nemoci.

V pfipadé RS je nejvhodnéjsi kvantivativni technikou pro stanoveni Zeleza QSM, ktera je
v porovnani s mapovanim R2* citlivéjSi na zmény tkané souvisejici s RS. Magnetickou
susceptibilitu mozkové tkané totiz neurcuje pouze paramagneticky prispévek feritinu s
obsahem Zeleza, ale také protichlidny diamagneticky prispévek myelinu (Liu C. et al., 2011,
Landkammer C. et al, 2012). V pfipadé QSM je vliv akumulace Zeleza a demyelinizace (oba
dllezité patofyziologické procesy u RS) aditivni (oba zpUsobuji pozitivni zvyseni magnetické
susceptibility), zatimco pfi mapovani R2* maji opacné ucinky (demyelinizace snizZuje rychlost
R2*, zatimco ukladani Zeleza zvySuje R2*) (Langkammer C. et al., 2012).

6.1. Magneticka susceptibilita mozkové tkané

Magneticka susceptibilita je fyzikalni velicina, ktera popisuje zménu magnetizace materidlu v
odezvé na vnéjsi magnetické pole. Je zavisla na materidlu, jeji hodnoty mohou byt jak pozitivni,
tak negativni v zavislosti na tom, zda se magnetizace materidlu vyrovnava s vnéjsim polem
nebo proti nému. Vzhledem k tomu, Ze se mozkova tkan skldda ze 70-85 % z vody, ma velmi
slabou susceptibilitu. Pohybuje se v hodnotéach od -9,2 do -8,8 ppb. Zelezo ma vyrazné vyssi
hodnoty susceptibility, proto jeho ukladani v rliznych oblastech mozku hodnoty susceptibility
mozkové tkané vyrazné méni.

Podle hodnoty magnetické susceptibility |ze latky rozdélit na:
e Paramagnetické — deoxyhemoglobin, feritin, hemosiderin
e Diamagnetické — kostni mineraly, kalcifikace
e Feromagnetické

6.2. SWI sekvence

Sekvenci pouZivanou na zobrazeni paramagnetickych a diamagnetickych latek je SWI

(susceptibility weighted image). Jde o sekvenci uzivanou zejména k prikazu drobnych krvaceni
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diky paramagnetickym vlastnostem deoxyhemoglobinu, feritinu ¢i hemosiderinu. Dokdaze
zfetelné odlisit oblasti s okyslicenym a neokyslicenym hemoglobinem. Jeji vyuziti je vSak
vyrazné SirSi a pojme Sirokou $kdlu patologii jako jsou zmény pfi neurodegenerativnich
onemocnénich mozku jako Alzheimerova choroba, Parkinsonova choroba ¢i RS.

Susceptibilné vazeny obraz (SWI) vznika kombinaci obrazu absolutni hodnoty (magnitudy) a
fazového zobrazeni. Fazové obrazy predstavuji lokalni zmény frekvence zplsobené lokalnimi
zménami magnetického pole, které jsou zplUsobeny pritomnosti magnetického zdroje. Pravé
fazové zobrazeni dokaze odlisit paramagnetické a diamagnetické latky (obr. 10,11).

Obr. 10: Reziduum drobného krvdceni na SWI sekvencich — a) magnituda b) faze c) nendpadny drobny koreldt na
FLAIR
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Obr. 11 : Kalcifikace v choroiddInim plexu na SWI — a) magnituda b) faze

6.3. Kvantitativni mapovani citlivosti — QSM (quantitative
susceptibility mapping)

Kvantitativni mapovani citlivosti slouzi pro kvantifikaci prostorové distribuce magnetické
susceptibility.

Na zdkladé komplexnich dat ze skent SWI je moZné vytvorit obrazy magnetickych zdroju
pomoci rekonstrukéni metody, ktera vyuziva fazova data a rekonstruuje tzv. kvantitativni
mapu susceptibility (QSM). Ta poskytuje kvantitativni odhady lokdlni magnetické susceptibility
na urovni voxelu (obr.12-14).

Hlavni pfednosti QSM ve srovnani s tradicnimi zobrazovacimi technikami citlivymi na
susceptibilitu je, Ze oddéluje lokalni magnetické pole od nelokalnich prispévk( resenim
komplexniho problému inverze pole ke zdroji (Haacke E.M. et al., 2015).

Tato metoda je pfimym odrazem molekuldrniho slozeni a bunééné architektury tkané.
V porovnani s ostatnimi technikami poskytuje pro urcité tkané a struktury lepsi pomér
kontrastu k Sumu.

QSM zejména v pripadé RS spolehlivéji kvantifikuje zmény obsahu Zeleza ve strukturach
hluboké sedé hmoty diky mensimu ruSivému vlivu myelinu a témér absenci jinych
paramagnetickych kovd (Langkammer C. et al., 2012). Oproti tomu v bilé hmoté mohou byt
zmény magnetické susceptibility mérené pomoci QSM dusledkem zmén jak myelinu, tak i
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Zeleza. V bazalnich gangliich vznikd zvySend magnetickd susceptibilita s nejvétsi
pravdépodobnosti v disledku zvySeni obsahu Zeleza, zatimco zvyseni v bilé hmoté mUze byt
disledkem jak zvySeni obsahu Zeleza, tak snizeni obsahu myelinu (demyelinizace) nebo
obojiho (Hametner S. et al., 2018).

Aby bylo mozné urcit, zda zmény magnetické susceptibility svéd¢i o zménach obsahu Zeleza,
je tfeba vzit v ivahu oblast mozku, kde jsou tyto zmény pozorovany (bild vs. Sedd hmota), a
také patofyziologické procesy probihajici u jednotlivych neurodegenerativnich onemocnénich.

Pro tvorbu QSM map jsou pouzivany multi GRE sekvence, které vyuZivaji toho, Ze jsou fazové
posuny primarnim vysledkem nehomogenity pole. Je nutno pouzit GRE sekvence s vice echy,
protoZe jedno echo by nedokdzalo optimalné reflektovat zménu magnetického pole vsech
tkani. Dale je nutno izolovat fazovy posun zpUsobeny susceptibilitou, a ne pouze chemickym

posunem Ci polem civky.

100

-100

Obr. 12: Axidini snimky v urovni mezencefala, multiGRE sekvence (a), QSM (b), v horni dsti snimky zdravé
kontroly, v dolni ¢dsti postiZeni pfi NMO s hypointenzni substantia nigra.
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Obr. 13: Vznik QSM mapy (Liu C. et al., 2015)

Obr. 14: MR mapovdni magnetické susceptibility v ppb. multiGRE sekvence (a), raw fdaze (b), QSM (c)
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7. Méreni atrofie mozku

MR se jiz dlouho u pacientl s neurologickym onemocnénim nevyuZiva pouze pro zobrazeni
patologickych loZisek, ale existuji postprocesingové techniky, které mohou pomoci
v monitorovani a v predikci vyvoje nemoci. Jednou z téchto technik je volumometrie. Lze ji
vyuzit jak k méreni celkové atrofie mozku, tak k méreni objemu vybranych struktur mozku
(napf. bazalnich ganglii) ¢i objemu patologickych lozZisek (obr. 15,16).

Pro méreni atrofie mozku je mozné vyuzit dvé zdkladni techniky — méreni priifezové s vyuzitim
tzv. segmentacnich metod a méreni longitudindlni pomoci registracnich technik. Pro
segmentacni méreni jsou volné dostupné programy SIENAX, FreeSurfer, nebo univerzitni
softwarové aplikace napt. ScanView.cz, kterym je méfen pomér mozkového parenchymu a
objemu mozku véetné likvorovych prostor (Brain Parenchymal Fraction — BPF), dale Ize vyuzit
techniky, které jsou pfimo soucasti vySetiovaci nebo pridatné konzole (MorphoBox prototyp)
(Vanéckova M., 2019). Méreni Ize provadét na vlastnim MR oddéleni nebo Ize vysetteni zasilat
do mezinarodnich Ctecich center. Pomoci segmentacnich program( lze separovat Sedou a
bilou hmotu a nasledné méfit objemy jednotlivych anatomickych struktur. Zakladem pro tato
méreni je definovani oblasti s rozdilnou intenzitou signalu. Vyzkumnym cilem méreni objemu
jednotlivych anatomickych struktur (thalamu, corpus callosum, mozecku ¢i michy) je snaha o
zhodnoceni moznosti predikce klinické progrese onemocnéni.

Obr. 15: Volumometrie, vyznacené jednotlivé oblasti zajmu pro méreni (Region of Interet, ROI)
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Obr. 16: Meéreni objemu mozku, vymezena zdjmovd oblast a artefakty z proudéni moku

8. Mapovani ukladani zeleza v mozku u pacientti s NMO a
RS. Cile prace

RS a NMO se casto projevuji obdobnymi priznaky a jejich odliseni muze byt velmi
obtizné. Pfitom spravna diagndza je velmi dileZita predevSim z terapeutického hlediska,
protoZe se |éCebné postupy u NMO a RS vyrazné lisi.

Cile prace: Hlavnim cilem studie bylo porovnat obsah Zeleza v centrdini Sedé hmoté u
pacientd s RS, NMO a zdravych kontrol pomoci QSM a zjistit, zda |ze na zakladé rozdilu obsahu
Zeleza prispét k diferenciaci obou onemocnéni.

Sekundarnim cilem bylo zjistit korelaci mezi ukladanim Zeleza a klinickou zavaznosti a posoudit
regionalni atrofii hluboké Sedé hmoty (DGM) pomoci volumetrické analyzy u obou skupin
pacientd.

8.1. Metodika

V radmci tohoto vyzkumu bylo na oddéleni magnetické rezonance RDG kliniky 1.LF UK a VFN

vySetfeno 40 pacientU s relaps-remitentni RS (RRRS) a 20 pacientd s NMO. Soucasné byla

hodnocena v odpovidajici kategorii véku a pohlavi také skupina 20 zdravych kontrol. VSichni

pacienti s RRRS spliovali revidovana McDonaldova kritéria, diagnéza NMO byla zaloZena na
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Wingerchukovych kritériich. VSech 20 pacientd s NMO mélo pozitivni AQP4-1gG. VSechny
vzorky byly testovany komeréné dostupnym imunofluorescen¢nim testem (CBA) s pouzitim
rekombinantni lidské M1-AQP4. Vsichni pacienti sou€asné podstoupili vySetfeni specialistou
na demyeliniza¢ni onemocnéni. Neurologické postizeni bylo hodnoceno Kurtzkeho stupnici
stavu postiZeni (EDSS).

8.2. Demograficka analyza vySetfovaného souboru

Ve vSech hodnocenych skupinach byl stejny pomér muza a Zen, 20 % muzu, 80 % Zen.

Velmi obdobné bylo i vékové sloZzeni vSech skupin. Primérny vék pacientli s NMO byl 48 let
(+10), pacientd s RS 47 let (+9) a zdravych jedincl v kontrolni skupiné 50 let (8).

Primérné trvani nemoci bylo v dobé vysetfeni u pacienti s NMO 11,4 + 8,7 let, u pacient( s RS
14,1 £ 8,2 let.

Mira neurologického postizeni hodnocend skalou EDSS byla u pacientl s NMO 4,5 + 1,2 bodu,
u pacient sRS 3,1 + 1,6 bodl. Pacienti v kontrolni skupiné byli zcela bez neurologického
postizeni.

Vétsi rocni miru relapsi vykazovala skupina s NMO s medidnem 0,5 (0-3). Ve skupiné pacientu
s RS tato hodnota nabyvala hodnoty 0,0 s rozptylem hodnot 0-2 (tab. 4).

Tab. 4: Demografickd charakteristika vysetfovanych soubort

Skupina NMO RS Kontrolni p
skupina

Pocet 20 40 20 -
Pohlavi M/Z 4/16 8/32 4/16 1,0
Veék (roky) 48+10 4749 5048 0,54
Trvani nemoci 11,4+8,7 14,1+8,2 - 0,25
(roky)
EDSS (body) 4,5+1,2 3,1£1,6 0,0+0,0 <0,0001
Roéni mira 0,5(0-3) 0,0(0-2) - 0,058
relapsu
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Obr. 17: Mira neurologického postiZeni u obou skupin pacienti
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Obr. 18: Trvdni nemoci u obou skupin pacientt v dobé vysetreni (v letech)

Déle byla zjistovana souvislost miry neurologického postizeni a délky trvani nemoci u obou
skupin pacientd. U pacientd s NMO nebyla nalezena Zadnd souvislost mezi mirou
neurologického postiZzeni (hodnocenou EDSS) a trvanim nemoci. Oproti tomu u pacientt
s RRRS se ukazuje mezi mirou postizeni a trvdnim nemoci pozitivni korelace (rs=0,41, p=0,0086,
tab. 5, obr. 19), s délkou trvani nemoci se tedy u této skupiny pacient(i mira postizeni zvysuje.
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Tab. 5: Korelace trvani nemoci a EDSS u pacientii NMO a RS

NMO RS
rs 0,048 0,41
p 0,842 0,0086

rs — Spearman(v korelac¢ni koeficient

EDSS
IS

NMO - korelace délky trvani nemoci s EDSS RS - korelace délky trvani nemoci s EDSS

""""""" 0O L@ w 4
° o0 ° A
™ ™ oy
]
d 2
1
0
5 10 15 20 25 30 35 0 5 10 15 20 25 30 35 40
Délka trvani nemoci (roky) Délka trvdni nemoci (roky)

Obr. 19: Korelace trvdni nemoci a EDSS u obou skupin pacientd

8.3. MR vysetieni

U vSech pacientll bylo provedeno na nasem pracovisti od prosince 2013 do bfezna 2015 MR

vySetieni mozku.

Vysetfeni byla provedena na MR pfistroji Gyroscan NT, 1,5T, Philips Healthcare Best s pouZzitim

standardni kvadratické hlavové civky. Vysetfovaci protokol zahrnoval tyto sekvence (obr. 20):

FLAIR - 150 axialnich fez(, TR 11000 ms, TE 140 ms, Tl 2600 ms, prostorové rozliseni
1x1x1mm?3, délka vySetfeni 10 mina 16 s

T1W FFE/3D, 150 axialnich fezt, TR 25 ms, TE 5.01 ms, prostorové rozliseni 1x1x1mm?3,
délka vySetfeni 12 mina 48 s

SWI FFE/3D, 100 axialnich fezli, TR 48.1ms, TE 33.2ms, prostorové
rozliseni 0,8x0,8x2 mm3, délka vySetieni 6 min a 30 s, pulsni sekvence
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Obr. 20: Protokol vysetreni: a) FLAIR b) TIW c) SWI magnituda d) SWI raw fdze e) filtrované fazové zobrazeni
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8.4. Obrazova analyza
QSM byly rekonstruovany z 3D multiGRE. Rekonstrukce QSM byla zaloZzena na metodé ,total-
generalized-variation”, ktera zahrnuje nasledujici individualni kroky v jediné iteraci, jak popsali
ve své publikaci C.Langkammer et al. (2015) :

e Rozvinuti fdzového pole svyuzitim Laplacceova operatoru (,Laplacian phase

unwrapping”)
e odstranéni pozadi
e nelinearni dipdlova inverze

Nasledné byly QSM namapovany na T1W obrazy.

Pomoci programu FreeSurfer, version 4.5 (harvard.edu) (obr. 21) byla provedena automaticka
segmentace struktur:

Globus pallidus

Putamen

Nucleus caudatus

Thalamus

Manualné byly na anonymizovanych snimcich QSM segmentovany struktury, které nelze
v T1W dobfe diferencovat:

Pulvinar thalami

Nucleus ruber

Substantia nigra
Manudlni segmentace byla provadéna atestovanym lékarem, ktery neznal primarni diagnézu
pacienta.

Ve vSech segmentovanych strukturdch bylo provedeno méfeni objemu (ml) a byly
extrahovany pramérné hodnoty objemovych susceptibilit v jednotkach parts per billion (ppb).
Hodnoty QSM byly upraveny podle manudlné nakresleného region of interest (ROI) v
okcipitdlni bilé hmoté s vylou¢enim jakychkoli 1ézi. Objem mozkovych struktur byl
normalizovan pomoci metody rezidualniho pfistupu, ktera vyuziva linedrni regresi mezi
objemem struktury a mozkovym obalem (Voevodskaya O. et al, 2014)
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Obr. 21: Segmentace pomoci programu Freesurfer

8.5. Statisticka analyza

Statisticka analyza byla provedena za pouziti statistického a analytického softwaru SPSS19
(IBM corp., Armonk, NY) a softwaru R (the R foundation for Statistical Computing, Vienna,
Rakousko). Porovnani skupin bylo provedeno s vyuzitim funkce Matchlt v softwaru R. Pro
testovani statistické vyznamnosti mezi jednotlivymi skupinami studie byly pouzity ANOVA,
TukyeQv HSD test, KruskalGv-Wallistv test, Dunn(v post hoc test a vhodny x2.test. Korelace
mezi EDSS a QSM byly vyjadieny Spearmanovym korelacnim koeficientem. Za signifikantni
byly povazovany hodnoty p pod 0,05.
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8.6.
8.6.1.

Vysledky
Porovnani susceptibility u pacienti s NMO, RRRS a zdravymi kontrolami

Hodnoty magnetické susceptibility v jednotlivych strukturach jsou uvedeny v tabulce 6.

Zvysledk(l vyplyva, Ze v hodnocenych souborech doslo k signifikantnimu rozdilu
v namérenych hodnotach susceptibility v substantia nigra a thalamu. Pacienti s NMO maji ve
srovnani se zdravymi kontrolami vyssi hodnoty magnetické susceptibility v substantia nigra
(NMO 107,2 £ 19,7, zdravé kontroly 91,0 + 16,1, p = 0,030), v porovnani s RRRS tyto hodnoty

signifikantné zvysené nejsou (95,3 + 21,6, p = 0,081).

V thalamu byla zjiSténa sniZzena susceptibilita u pacient(i s RS (10,8 £ 5,6) v porovnani s obéma
dalSimi skupinami, NMO (16,3 + 6.3, p = 0,0086), zdravé kontroly (16,1 £ 8,2, p = 0,011).

Ve vSech dalSich vySetfovanych oblastech signifikantni zmény magnetické susceptibility
nalezeny nebyly.

Tab. 6:. Primérnd magnetickd susceptibilita (ppb) v jednotlivych strukturdch v hluboké sedé hmoté

Globus Nucles Nucleus Pulvinar | Putamen | Substantia | Thalamus
pallidus ruber caudatus | thalami nigra
NMO 91,0+£19,2 | 71,7+17,8 | 36,9+11,2 | 37,6+11,2 | 26,5+10,1 | 107,2+19,7 | 16,316,3
RS 83,6+16,1 | 66,6%£19,5 | 39,3+£10,8 | 32,9+14,5 | 30,3+11,7 | 95,3+21,6 | 10,8%5,6
Zdravé 83,7+11,1 | 67,4+17,4 | 41,1£10,1 | 35,7£13,4 | 30,7+7,4 91,0£16,1 16,118,2
kontroly
p 0,21 0,60 0,59 0,44 0,34 0,030 0,0019
Tab. 7: Prumérnd magneticka susceptibilita - post hoc testy
Globus | Nucles Nucleus Pulvinar Putamen | Substantia | Thalamus
pallidus | ruber caudatus | thalami nigra
HC-NMO | 0,32 0,73 0,59 0,793 0,409 0,032 0,90
HC- RS 0,899 0,899 0,899 0,82 0,899 0,69 0,011
NMO-RS 0,215 0,577 0,669 0,414 0,374 0,081 0,0086
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Obr. 22: Porovndni magnetické susceptibility v globus pallidus u vSech hodnocenych skupin pacientd.
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Obr. 23: Porovndni magnetické susceptibility v nucleus ruber u vSech hodnocenych skupin pacienta.
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Obr. 24: Porovndni magnetické susceptibility v nucleus caudatus u vSech hodnocenych skupin pacientu.
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Obr. 25: Porovndni magnetické susceptibility v pulvinar thalami u vsech hodnocenych skupin pacientd.
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Obr. 26: Porovndni magnetické susceptibility v putamen u vsech hodnocenych skupin pacientd.
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Obr. 27: Porovndni magnetické susceptibility v substantia nigra u vSech hodnocenych skupin pacientd.
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Magneticka susceptibilita v thalamu
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Obr. 28 : Porovndni magnetické susceptibility v thalamu u vsech hodnocenych skupin pacient(

8.6.2. Porovnani objemu struktur hluboké sedé hmoty u pacientlis NMO, RRRS a
zdravymi kontrolami

Zjisténé pramérné hodnoty objemu struktur hluboké Sedé hmoty jsou uvedeny v tabulce 8.
Z vysledk( je patrno, Ze se namérené hodnoty objem0 hodnocenych struktur u pacient(
s NMO od zdravych kontrol nelisi. U pacientl s RRRS byl naméren signifikantné mensi
objem thalamu (13,38+1,24 ml) v porovnani s NMO (14,22+1,21 ml, p=0.023) a zdravymi
kontrolami (14,32+0,73 ml, p=0.0094). Signifikantni snizeni objemu u pacientd s RRRS
v porovnani s NMO a HC bylo zaznamendno i u pulvinaru thalamu, kde dosahovaly namérené
hodnoty primérného objemu u RRRS (1,07+0,61 ml), oproti NMO (1,54+0,35 ml, p=0,0023) a
HC (1,46%0,31 ml, p=0,0136). Dalsi strukturou se signifikantnim sniZzenim objemu u pacientd s
RRRS v porovnani s NMO a HC bylo putamen, kde byl naméfen u s RRRS priimérny objem
9,20+0,91 ml oproti NMO (10,02+0,75 ml, p=0,0079) a HC (9,94+0,75, p=0,0194).

Ve vsech dalSich mérenych strukturach hluboké sedé hmoty se hodnoty objemu vyraznéji
nelisily.
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Tab. 8: Prumérny objem struktur hluboké sedé hmoty (ml)

Globus Nucles Nucleus Pulvinar | Putamen Substantia | Thalamus
pallidus ruber caudatus | thalami nigra
NMO 3,28+0,39 | 0,45+0,13 | 6,87+0,60 | 1,54+0,35 | 10,02+0,75 | 0,76+0,18 | 14,22+1,21
RS 3,13+0,50 | 0,39+0,11 | 6,8140,81 | 1,07+0,61 | 9,20+0,91 | 0,67+0,16 | 13,38+1,24
Zdravé 3,40+0,24 | 0,45+0,11 | 6,91+0,59 | 1,46+0,31 | 9,94+0,75 | 0,731£0,15 | 14,32+0,73
kontroly
p 0,062 0,122 0,864 0,0008 0,0026 0,124 0,0032

Tab. 9: Objem struktury hluboké sedé hmoty — post hoc testy (p hodnoty)

Pulvinar Putamen Thalamus
thalami
Kontroly - 0,847 0,900 0,900
NMO
Kontroly — RS 0,0136 0,0194 0,0094
NMO-RS 0,0023 0,0079 0,023
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Obr. 29: Porovndni hodnot objemu globus pallidus u vSech hodnocenych skupin pacientt
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Obr. 30: Porovndni hodnot objemu nucleus ruber u vSech hodnocenych skupin pacientt
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Obr. 31: Porovndni hodnot objemu nucleus caudatus u vsech hodnocenych skupin pacienti
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Obr. 32: Porovnadni hodnot objemu pulvinar thalami u vSech hodnocenych skupin pacientt
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Obr. 33: Porovndni hodnot objemu putamen u vsech hodnocenych skupin pacientd
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Obr. 34: Porovndni hodnot objemu substantia nigra u vSech hodnocenych skupin pacientt
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Obr. 35: Porovndni hodnot objemu thalamu u vsech hodnocenych skupin pacientt
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8.6.3. Korelace magnetické susceptibility a EDSS

Jedinou korelaci mezi postizenim a hodnotami magnetické susceptibility, ktera byla ve studii
prokazana, je slaba korelace postiZeni a susceptibilitou v putamen u pacientt s RRRS (r=0,32,
p=0,046). Ve vsech ostatnich lokalizacich u obou skupin pacientl souvislost postizeni a
susceptibility neni patrna (Tab.10, obr. 36-42).

Tab. 10: Korelace EDSS a magnetické susceptibility

Globus Nucles Nucleus Pulvinar | Putamen | Substantia | Thalamus
pallidus ruber caudatus | thalami nigra
NMO
rs 0,077 0,109 0,095 0,062 0,142 0,010 -0,064
P 0,747 0,647 0,692 0,794 0,550 0,967 0,789
RS
rs 0,033 0,245 0,215 -0,090 0,317 0,059 0,120
p 0,839 0,128 0,182 0,580 0,046 0,718 0,462

rs — Spearmanuv korelac¢ni koeficient
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Obr. 36: Korelace magnetické susceptibility a EDSS u pacienti s NMO a RS v globus pallidus.
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Obr.37: Korelace magnetické susceptibility a EDSS u pacientt s NMO a RS v nucleus ruber.
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Obr. 38: Korelace magnetické susceptibility a EDSS u pacienti s NMO a RS v nucleus caudatus.
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Obr. 39: Korelace magnetické susceptibility a EDSS u pacientii s NMO a RS v pulvinar thalami.
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Obr. 40: Korelace magnetické susceptibility a EDSS u pacientii s NMO a RS v putamen.
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NMO - substantia nigra RS - substantia nigra
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Obr. 41: Korelace magnetické susceptibility a EDSS u pacienti s NMO v substantia nigra
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Obr. 42: Korelace magnetické susceptibility a EDSS u pacienti s NMO v thalamu

8.6.4. Korelace magnetické susceptibility a véku

Signifikantni korelace mezi hodnotami magnetické susceptibility a vékem byla nalezena pouze
u pacientd s RRRS v nucleus caudatus (r=0.49, p=0.0013), nucleus ruber (r=0.45, p=0.0040) a
putamen (r=0.51, p=0.0007).

U pacientd s NMO nebyla tato korelace nalezena v Zzadné z hodnocenych struktur.

Vysledky korelace jsou uvedeny v tabulce 11 a v grafech na obr. 42-49.
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Tab. 11: Korelace magnetické susceptibility a véku

Globus Nucles Nucleus Pulvinar | Putamen | Substantia | Thalamus
pallidus ruber caudatus | thalami nigra
NMO
rs -0,214 0,343 0,334 0,122 0,21 0,23 -0,068
p 0,364 0,139 0,15 0,608 0,374 0,33 0,78
RS
rs -0,544 0,45 0,49 -0,192 0,51 0,143 0,204
p 0,738 0,0040 0,0013 0,235 0,0007 0,378 0,207
HC
rs -0,295 -0,173 0,099 -0,159 0,195 -0,143 -0,0872
p 0,207 0,464 0,677 0,50 0,407 0,547 0,714
rs — Spearmanuv korelac¢ni koeficient
NMO - globus pallidus RS - globus pallidus
’ 30 50 70 90 110 130 150 ’ 30 70 110 130 150
Magneticka susceptibilita (ppb) Magneticka susceptiblita (ppb)
HC - globus pallidus
50
%;: 30
20
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Obr. 43: Korelace magnetické susceptibility a véku u pacienti s NMO, RS a HC v globus pallidus.
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Obr. 46: Korelace magnetické susceptibility a véku u pacientt s NMO, RS a HC v pulvinar thalami.
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Obr. 47: Korelace magnetické susceptibility a véku u pacientt s NMO, RS a HC v putamen.
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NMO - substantia nigra RS - substantia nigra
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Obr. 48: Korelace magnetické susceptibility a véku u pacienti s NMO, RS a HC v substantia nigra.
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Obr. 49: Korelace magnetické susceptibility a véku u pacienti s NMO, RS a HC v thalamu.
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8.6.5.

Korelace objemu struktur hluboké sedé hmoty a EDSS

Ve skupiné pacientd s NMO nebyla zjiSténa Zadna souvislost mezi hodnotami objemu

jednotlivych struktur hluboké Sedé hmoty a mirou neurologického postizeni.

Ve skupiné pacientl s RRRS byla nalezena negativni korelace v putamen (rs=-0,384, p=0,014),

tedy sniZeni objemu putamen u pacientl s vyssi mirou neurologického postizeni.

Vysledky této korelace jsou uvedeny v tabulce 12 a v grafech na obr. 50-56.

Tab. 12: Korelace objemu struktur DGM a EDSS

Globus Nucles Nucleus Pulvinar | Putamen | Substantia | Thalamus
pallidus ruber caudatus | thalami nigra
NMO
re 0,243 -0,247 0,14 -0,252 -0,073 -0,303 -0,397
p 0,302 0,294 0,556 0,283 0,76 0,194 0,083
RS
re -0,309 0,037 -0,24 0,092 -0,384 -0,272 -0,283
p 0,052 0,82 0,136 0,571 0,014 0,09 0,077
rs — Spearmanuv korelac¢ni koeficient
NMO - globus pallidus RS - globus pallidus
7
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Obr. 50: Korelace objemu struktur hluboké sedé hmoty a EDSS u pacientti s NMO a RS v globus pallidus.
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Obr. 51: Korelace objemu struktur hluboké sedé hmoty a EDSS u pacient( s NMO a RS v nucleus ruber.
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Obr. 52: Korelace objemu struktur hluboké sedé hmoty a EDSS u pacient( s NMO a RS v pulvinar thalami.
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Obr. 53: Korelace objemu struktur hluboké sedé hmoty a EDSS u pacienti s NMO a RS v nucleus caudatus.
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Obr. 54: Korelace objemu struktur hluboké sedé hmoty a EDSS u pacienti s NMO a RS v putamen.
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Obr. 55: Korelace objemu struktur hluboké sedé hmoty a EDSS u pacienti s NMO a RS v substantia nigra.
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Obr. 56: Korelace objemu struktur hluboké sedé hmoty a EDSS u pacienti s NMO a RS v thalamu.
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8.6.6. Korelace objemu struktur hluboké Sedé hmoty a véku

Déle byla zjistovana souvislost zmény objemu struktur hluboké sedé hmoty a véku u vSech
vySettovanych skupin, vysledky jsou uvedeny v tabulce 13 a v grafech na obr. 57-63.

Ve vsech vysetfovanych skupindch byla patrna negativni korelace téchto hodnot v thalamu,
tedy signifikantni sniZzeni objemu thalamu s vy3$sim vékem (NMO rs=-0,636, p=0,003, RRRS r=-
0,4, p=0,01, HC r=-0,461, p=0,043). U pacientll s NMO v zadné dalsi lokalizaci ke zméné
objemu v souvislosti s vékem nedoslo.

Ve skupiné pacientl s RRRS bylo pozorovano v souvislosti s vy$sim vékem také sniZzeni objemu
putamen (rs=-,0531, p=0,00042) a substantia nigra (rs=-0,376, p=0,0169), a naopak mirné
zvétseni objemu pulvinar thalami (rs= 0,369, p=0,019).

U zdravych kontrol bylo nalezeno snizeni objemu putamen (rs=-0,495, p=0,028), substantia
nigra (rs=-0,504, p=0,025) a globus pallidus (rs=-0,508, p=0,024).

Tab. 13: Korelace objemu struktur DGM a véku

Globus Nucles Nucleus Pulvinar | Putamen | Substantia | Thalamus
pallidus ruber caudatus | thalami nigra
NMO
rs 0,066 -0,322 0,346 -0,328 -0,385 0,361 -0,636
p 0,782 0,166 0,136 0,158 0,095 0,119 0,003
RS
rs -0,167 -0,014 -0,299 0,369 -0,531 -0,376 -0,4
p 0,303 0,933 0,06 0,019 0,00042 0,0169 0,01
HC
rs -0,508 -0,114 -0,14 0,134 -0,495 -0,504 -0,461
p 0,024 0,63 0,555 0,572 0,028 0,025 0,043

rs — Spearmanuv korelacéni koeficient
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Obr. 57 : Korelace objemu struktur hluboké Sedé hmoty a véku u pacientii s NMO, RS a HC v globus pallidus
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Obr. 58: Korelace objemu struktur hluboké sedé hmoty a véku u pacientti s NMO, RS a HC v nucleus ruber
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Obr. 59: Korelace objemu struktur hluboké sedé hmoty a véku u pacientii s NMO, RS a HC v pulvinar thalami.
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Obr. 60: Korelace objemu struktur hluboké sedé hmoty a véku u pacientti s NMO, RS a HC v nucleus caudatus.

60



vék (roky)

~
S

@
S

v
=]

N
S

w
S}

N
S

.
5]

o

NMO - putamen

7 8 9 10

objem (ml)

vék (roky)
MW oA w oo N
s & & & & o

=
5]

o

11

RS - putamen

70

60

B
S

vék (roky
8

HC - putamen

8 9 10 11 12

objem (ml)

Obr. 61: Korelace objemu struktur hluboké sedé hmoty a véku u pacientti s NMO, RS a HC v putamen.
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Obr. 62: Korelace objemu struktur hluboké sedé hmoty a véku u pacientt s NMO, RS a HC v substantia nigra.
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Obr. 63: Korelace objemu struktur hluboké sedé hmoty a véku u pacientti s NMO, RS a HC v thalamu.

8.6.7. Korelace objemu struktur hluboké Sedé hmoty a magnetické susceptibility

U vSech skupin pacientld byla provedena korelace objemu struktur hluboké Sedé hmoty a
magnetické susceptiblity (tab. 14, obr. 64- 70). Ve skupiné pacientd s NMO nebyla nalezena
zadna signifikantni asociace téchto dvou hodnot. Ve skupiné pacientli s RRRS byla nalezena
negativni korelace v globus pallidus (rs=-0,32, p=0,044) a v pulvinar thalami (rs=-0,341,
p=0,031). Ve skupiné zdravych jedincl byla prokazadna pozitivni korelace v nucleus ruber
(rs=0,562, p=0,011) v substantia nigra (rs=0,494, p=0,028).
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Tab. 14: Korelace objemu struktur DGM a magnetické susceptibility

Globus Nucles Nucleus Pulvinar | Putamen | Substantia | Thalamus
pallidus ruber caudatus | thalami nigra
NMO
rs -0,191 -0,140 0,256 -0,027 -0,075 -0,337 0,075
p 0,42 0,555 0,275 0,911 0,753 0,147 0,752
RS
rs -0,32 0,068 -0,049 -0,341 -0,289 0,085 0,05
p 0,044 0,675 0,764 0,031 0,071 0,601 0,76
HC
0,084 0,562 -0,047 0,072 -0,036 0,494 0,311
0,723 0,011 0,846 0,762 0,88 0,028 0,181
rs — Spearmanuv korelac¢ni koeficient
NMO - globus pallidus RS - globus pallidus
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Obr. 64: Korelace magnetické susceptibility a objemu v globus pallidus.
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Obr. 66:

Obr. 65:
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NMO - cucleus caudatus RS - nucleus caudatus
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Obr. 67: Korelace magnetické susceptibility a objemu v nucleus caudatus.
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Obr. 68: Korelace magnetické susceptibility a objemu v putamen.
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NMO - substantia nigra
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Obr. 69: Korelace magnetické susceptibility a objemu substantia nigra.
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Obr. 70: Korelace magnetické susceptibility a objemu v thalamu.

Vysledky naseho vyzkumu potvrzuji rozdily v ukladani zZeleza v obou sledovanych skupinach

pacientd. Souhrnné vysledky u vSech skupin pacientd véetné statisticky vyznamnych korelaci
jsou uvedeny v ndsledujici tabulce 15.
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Tab. 15: Souhrnné vysledky magnetické susceptibility, objemu a zkoumanych korelaci ve vsech
hodnocenych struktur hluboké Sedé hmoty u vSech hodnocenych skupin

Globus Nucles Nucleus | Pulvinar | Putamen | Substantia | Thalamus
pallidus ruber | caudatus | thalami nigra
NMO
Susceptibilita - - - - - Zvysend -

Objem - - - - - - _
EDSS/suscep. - - - - - - _
EDSS/objem - - - - - _ i
Suscep/vék - - - - - - -
Objem/vék - - - - - - Neg.korel

Suscep/objem - - - - - - -
RS
Susceptibilita - - - - - - Snizena

Objem - - - Snizeny Snizeny - Snizeny

EDSS/suscep. - - - - Poz.korel - -
EDSS/objem - - - - Neg.korel - -
Suscep/vék - Poz.korel | Poz.korel - Poz.korel - -

Objem/vék - - - Poz.korel | Neg.korel Neg.korel Neg.korel

Suscep/objem | Neg.korel - - Neg.korel - - -
HC
Suscep/vék - - - - - - -

Objem/vék Neg.korel - - - Neg.korel Neg.korel Neg.korel

Suscep/objem - Poz.korel - - - Poz.korel -

8.7. Diskuze

Nase studie ukazala, Ze pacienti s NMO maji ve srovnani se zdravymi kontrolami vyssi hodnoty
magnetické susceptibility v substantia nigra(SN). Pacienti s RS vykazuji ve srovnani se
zdravymi kontrolami i pacienty s NMO niz$i hodnoty magnetické susceptibility v thalamu a
vétsi atrofii putamen, thalamu a pulvinaru. U pacientd s RS byla dale zjisténa pozitivni korelace
mezi klinickym postizenim (EDSS) a magnetickou susceptibilitou v putamen.

Potvrdili jsme, Ze vzorec ukladani Zeleza je u pacientli s NMO a RS odlisny. Pacienti s NMO maji
vysSSi magnetickou susceptibilitu v substantia nigra, zatimco ostatni bazalni ganglia u téchto
pacientl ukazuji hodnoty susceptibility srovnatelné se zdravymi kontrolami. Rozdilné vysledky
publikovali Chen a kol. Jejich studie zahrnovala 42 pacientd s NMO, 42 pacientd s RS a 42
zdravych kontrol. Susceptibilita byla mérena ve stejnych strukturdch hluboké Sedé hmoty jako
v nasi studii. Pouzitou metodou byla metoda fazového zobrazeni. Na rozdil od nasi studie,
ktera ukazala zvyseni susceptibility v SN u pacientl s NMO a sniZeni susceptibility v thalamu u
pacientu s RS, detekovali zvySené ukladani Zeleza v substantia nigra u pacient( s RS. Hodnoty
u pacientd s NMO byly stejné jako hodnoty zdravych kontrol (Chen et al, 2012). Muze byt
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nékolik divodl tohoto rozporu. Pacienti v nasi studii byli vyrazné starsi a méli delsi trvani
onemocnéni. Primérny vék pacientl s NMO byl 48110 let (vékové rozmezi 32-64 let), pacientl
s RS 4719 let (vékové rozmezi 32-62 let). Pacienti ve studii Chena a kol. byli ve véku 20-58 let
(pr@mérny vék 36,5+£12,3) v pripadé NMO, ve véku 22-59 let (pramérny vék 37,8+11,4) u
pacientd s RS a ve véku 20-58 let (pramérny vék 34,7+10,4) v pripadé zdravych kontrol.
Primérna doba onemocnéni v dobé vySetreni byla v nasi studii u pacientdi s NMO 11,418,7 let
a u pacientll s RS 14,1+8,2 let. Ve studii Chen a kol. probihalo onemocnéni mnohem kratsi
dobu, 4,3+3,7 roku v pfipadé pacientl s NMO a 5,8+2,9 roku u pacientd s RS. Pokud bychom
predpokladali strméjsi nardst akumulace Zeleza souvisejici s vékem u NMO, mohl by byt rozdil
mezi pacienty a zdravymi kontrolami patrny pouze u starsich subjektd. DalSim divodem
rozdilnych vysledkd mzZe byt vyuZiti rozdilné metody detekce depozit Zeleza. Nami vyuzita
QSM mze byt v detekci abnormalnich depozit Zeleza ve srovnani s jinymi metodami MR, jako
je napriklad fazové zobrazeni, které bylo pouZito v Chenové studii, lepsi. Rozdil mGze byt také
v segmentaci substantia nigra. Kazdd z ¢asti substantia nigra — pars compacta i pars reticulata,
mUzZe vykazovat jiny obsah depozit Zeleza a regulace jeho koncentrace v téchto jednotlivych
castech muze probihat odliSné. Nase segmentace zaloZzena na snimcich QSM zahrnovala také
kaudalni vrstvy SN a mohla by tak teoreticky obsahovat vice ¢asti pars compacta SN.

NMO je pomérné vzacné onemocnéni, a proto predchozi studie zaméfené na homeostazu
Zeleza u NMO nejsou cetné a zahrnuji nizky pocet pacientt (tab.16). Jednu ze studii, ktera se
zabyvala obdobnou problematikou, publikovali Doring a kol. (Doring et al.,2016). Do této
retrospektivni studie bylo zafazeno 12 pacientldl s NMO (6 muz(i a 6 Zen) s velkymi vékovymi
rozdily 35,4+14,2 let a s trvdnim onemocnéni 1-7 let s primérem 3 roky a 12 zdravych kontrol
odpovidajiciho véku. Susceptibilita byla hodnocena na podkladé R2* relaxometrie a QSM.
Hodnoceny byly obdobné struktury hluboké sedé hmoty jako v nasi analyze. Doring a kol.
prokazali snizenou susceptibilitu v nucleus ruber u pacientll s NMO s vétSim rozdilem u
starSich osob. Tento vysledek nase studie nepotvrdila. V nasi studii, kterd zahrnovala vyssi
pocet pacientll s NMO s delSim trvdnim onemocnéni, jsme byli schopni v nucleus ruber
potvrdit pouze zmény zdavislé na véku, ale neprokazali jsme rozdily mezi skupinami v
magnetické susceptibilité nucleus ruber. Ve studii Doringa a kol. do analyzy bohuzel nebyla
zahrnuta SN.

Také dalsi studie, kterd pouzila metodu difuzniho tenzorového zobrazeni (DTI), prokazala
abnormality Sedé hmoty u NMO, kdy se hodnoty DTl v normalné vypadajici Sedé hmoté u
pacientd s NMO v porovnani se zdravymi kontrolami vyznamné lisily. Do studie bylo zarazeno
8 pacientll NMO (vékové rozmezi 44-58 let) a 7 zdravych kontrol odpovidajiciho pohlavi a véku
(Pichiecchio A., 2012).

Metabolismus Zeleza by mohl odrazet chronické oxidativni postizeni u pacientd s NMO.
Oxidacni stres je povazovan za vyznamny faktor v patogenezi autoimunitnich onemocnéni
jako je RS nebo NMO, stale vsak neni jasné, zda a jakym zplisobem se metabolismus Zeleza
podili na patogenezi onemocnéni (Zhang L. et al., 2014). Nalez izolované akumulace Zeleza v
SN pripomind vzorec pozorovany u Parkinsonovy nemoci (PD), u které byla ve studii na
zvifatech prokdzana vysokd perivaskularni hustota AQP4 v SN, ktera byla jesté zvySena po
podani parkinsonogenniho toxinu 1-methyl-4-fenyl-1,2,3,6-tetrahydropyridinu (MPTP). Tyto
vysledky podporuji myslenku, Ze by se AQP4 mohl podilet na patogenezi PD. (Prydz A. et al.,
2017).
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Tab.16: Porovndni vysledki jednotlivych studii — hodnoty susceptibility

studie

NMO

RS

Pudla¢, 2020

ZvySend v SN

Snizend v thalamu

Chen, 2012

Zvysena v SN

Doring, 2016

Snizena v NR

Burgetova, 2017

SniZzena v thalamu

Schweser, 2018

SniZzena v thalamu

Zivadinov, 2018

SniZzena v thalamu

Rudko, 2014

Zvysena v thalamu

DalSim z nasSich vysledkd bylo signifikantni snizeni magnetické susceptibility v thalamu u
pacientd s RRRS v porovndani s pacienty NMO a zdravymi kontrolami. SniZzeni magnetické
susceptibility v pacientd RRRS v porovnani se zdravymi subjekty je vsouladu s dalSimi
tuzemskymi i zahrani¢nimi publikovanym vyzkumy (Burgetova A. et al., 2017, Schweser F. et
al., 2018, Zivadinov R. et al., 2018). Literatura vSak neni zcela jednotnd. Langkammer a kol.
(Langkammer C. et al., 2013) neprokdzali odliSnou globalni susceptibilitu thalamu u pacientt
s klinicky izolovanym syndromem, Rudko a kol. (Rudko D.A. et al., 2014) dokonce detekovali u
skupiny pacientl s roztrousenou sklerézou v thalamu zvySenou susceptibilitu. Pfi¢ina téchto
protichtdnych nalez( neni jasna. Vysvétleni by mohlo byt v rozdilné segmentaci struktur.
Histochemicka studie ukazala, Ze distribuce Zeleza v thalamu je nerovhomérnd, pricemz
nejvyssi akumulaci Zeleza ma predni skupina jader a pulvinar thalami (Morris C.M. et al., 1992).
Ve studii Burgetova a kol. bylo s pouzitim manualni segmentace prokadzano, ze pokud je
segmentovan cely thalamus, je patrny jen trend rozdilu v globdlni susceptibilité thalamu mezi
skupinou RS a zdravymi kontrolami. Signifikantni rozdily mezi skupinami pak byly
v susceptibilité thalamu bez pulvinaru, zatimco v pulvinaru samotném nebyl zjiStén Zadny
vyznamny rozdil mezi skupinami (Burgetova A. et al., 2017). Dale je moiné, Ze se Zelezo
v thalamu muzZe akumulovat v ¢asné fazi RS, zatimco v pozdéjsi fazi onemocnéni mlze jeho
koncentrace klesat. Tuto teorii by podpofily vysledky Burgerové (Burgetova et al., 2017). Na
druhou stranu nékteré studie ukdzaly, Ze Ubytek Zeleza v thalamu u RS zacina jiz u pacientt s
klinicky izolovanym syndromem s dal$im poklesem po konverzi na definitivni RS (Khalil M. et
al.,2011). Haider a kol. ve své studii (Haider L. et al., 2014) uvadéji, Ze by deplece Zeleza u
pacientd RS mohla vychdzet ze snizeného obsahu Zeleza v oligodendrocytech, které za
stresovych podminek uvoliuji Zelezo, které je nasledné vychytavano aktivovanou mikroglii. To
mUze vést k udrzovani chronického zanétu s dalsSim poskozenim oligodendrocytd, vycerpanim
Zeleza a ke ztraté bunék obsahujicich Zelezo jako jsou oligodendrocyty a neurony. Kromé
onemocnéni mozku, jeho priibéhu a délky byla identifikovana rada dalSich faktor(, které
vedou k porucham ukladdani Zeleza, véetné genovych polymorfism{ souvisejicich s regulaci
Zeleza (GemmatiD. Et al., 2012, HagemeierJ. Et al., 2018). V pfipadé thalamického Zeleza mlze
hrat urcitou roli také fakt, Ze béhem normadlniho starnuti vykazuje celkové Zelezo v thalamu
v porovnani se vSemi ostatnimi strukturami hluboké Sedé hmoty velmi odliSny vzorec s
akumulaci az do ¢tvrté dekady, po niz nasleduje mirny pokles (Hallgren B. and Sourander P.,
1958, Li Y. et al., 2021).

U pacientl s roztrousenou sklerézou neni magneticka susceptibilita jen potencialni marker
vlastniho onemocnéni. Existuje zde také vztah mezi susceptibilitou a klinickym postizenim
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vyjadrenym pomoci EDSS. Nase vysledky ukazuji u pacient(l s RS signifikantni korelaci zvySené
susceptibility v putamen a EDSS (tab. 17). Tyto vysledky jsou v souladu s nékterymi dfive
publikovanymi studiemi (Zhang Y. et al.2010, Ropele S. Et al., 2014, Burgetovd A. et al., 2017).
Zivadinov a kol. na druhou stranu ukazuji u pacientl s RS korelaci mezi klinickym postiZzenim a
vétsi susceptibilitou v globus pallidus (ZivadinovR. Et al., 2018).

Tab. 17: Porovndni vysledki jednotlivych studii — porovndni korelaci suspceptibility a EDSS

studie RS
Pudlag, 2020 Suscept. putamen/EDSS — pozitivni korelace
Zhang, 2010 Suscept. putamen/EDSS — pozitivni korelace
Ropele, 2014 Suscept. putamen/EDSS — pozitivni korelace
Burgetova, 2017 Suscept. putamen/EDSS — pozitivni korelace
Zivadinov, 2018 Suscept. GP/EDSS — pozitivni korelace

Tab. 18: Porovndni vysledkd jednotlivych studii — porovndani zmén objemu DGM

studie NMO RS
Pudla¢, 2020 Atrofie pulvinaru
Atrofie thalamu
Atrofie putamen

Hyun, 2016 Atrofie thalamu Atrofie thalamu

Fan, 2017 Atrofie thalamu — AQP4 neg |Atrofie thalamu

Duan, 2012 Atrofie thalamu
Atrofie ncl. caudatus

Andravizou, 2019 Atrofie pulvinaru

Atrofie thalamu
Atrofie putamen
Hanninen, 2020 Atrofie pulvinaru
Atrofie thalamu
Atrofie putamen
Rizkallah, 2021 Atrofie thalamu
Atrofie putamen

Vysledky naseho vyzkumu ddle ukazuji u pacientl s RS v porovnani's pacienty NMO a zdravymi
kontrolami mensi objem thalamu, pulvinaru a putamen. Studie porovnavajici regiondlni atrofii
centrdlni Sedé hmoty u NMO a RS jsou vzacné a maji nekonzistentni vysledky (tab. 18). Ackoli
nékteré studie zjistily atrofii hluboké Sedé hmoty u NMO omezenou na thalamus, v nasi studii
nebyl rozdil vyznamny. Hyun a kol. v celkem rozsahlé studii, do které bylo zafazeno 91 pacientt
s NMOSD, 52 pacientd s RS a 44 zdravych kontrol, popsal u obou vysetfovanych skupin
pacientd v porovnani se zdravymi kontrolami atrofii thalamu, ktera byla vyraznéjsi u RS.
Atrofie thalamu byla spojena s klinickym postizenim jak u NMOSD, tak u RS (Hyun J.W. et al.,
2017). Fan a kol. popisuji v porovndni se zdravymi kontrolami atrofii thalamu u pacientt
s RRRS a u pacientli s NMO ve skupiné AQP4 negativnich, u skupiny AQP4 pozitivni tato atrofie
popsdna nebyla (FanM. Et al., 2017). V nasi studii byli vSichni pacienti AQP4 pozitivni. Duan a
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kol. ve své studii hodnotili postiZzeni kortexu a hluboké Sedé hmoty. Zjistili atrofii u pacientl s
NMO v nékolika oblastech frontalniho, temporalniho a parietdlniho laloku a inzuly, nikoli vSak
v hluboké Sedé hmoté. Pacienti s RS méli ve srovnani s NMO vyznamny Ubytek objemu v obou
thalamech a ncl. caudatus a v nékterych ¢astech kortexu (Duan Y. et al., 2012). Na druhou
stranu dle nékterych studii nedochazi k atrofii Sedé hmoty u pacientll s NMO vibec. Takové
vysledky publikovali napf. Chanson a kol., ktefi popisuji atrofii bilé hmoty u pacientli s NMO,
ale zadné zmény objemu Sedé hmoty (Chanson J.B. et al., 2012). Vétsi atrofii thalamu,
pulvinaru a putamen u pacientl RS v porovnani se zdravymi kontrolami ukazaly také dalsi
studie, které vsak nezahrnovaly skupinu pacientd NMO (Andravizou A. et al., 2019, Hanninen
K. et al., 2020). Stejné vysledky byly recentné publikovany v prospektivni studii, kterd se
zabyvala markery oxidativniho stresu v likvoru a jejich korelaci s magnetickou susceptibilitou
a objemem struktur hluboké Sedé hmoty u pacientl s nové diagnostikovanou RS. Tato studie
zjistila, Ze pacienti RS jiz v ¢asné fazi onemocnéni maji v likvoru vyssi hladiny stresovych
markeru, které korelovaly s vyssi susceptibilitou a mensim objemem struktur hluboké Sedé
hmoty (Burgetova A. et al., 2022).

Tab. 18: Porovndni vysledki jednotlivych studii — porovndni korelaci zmén objemu a EDSS

studie RS
Pudla¢, 2020 objem putamen/EDSS — negativni korelace
Rizkallah, 2021 objem putamen/EDSS — negativni korelace
objem thalamu/EDSS — negativni korelace
Bergsland, 2012 objem thalamu/EDSS — negativni korelace
Burgetova, 2021 objem thalamu/EDSS — negativni korelace

Ve studii jsme prokazali signifikantni negativni asociaci mezi objemem putamen a mirou
klinického postizeni hodnoceného $kdlou EDSS u pacientl s RS. SniZzeni objemu putamen tedy
korelovalo s vyraznéjsim postizenim. Obdobné vysledky uvadi ve své studii Rizkallah et al.
(tab.18), ktefi popisuji u pacientld s RS bilateradlné redukci objemu putamen a thalamu a
negativni korelaci objemu s klinickym postizenim (Rizkallah M. et al., 2021). Negativni vztah
mezi objemem thalamu a postizenim hodnocenym pomoci EDSS u RS ukazuji také nékteré
dalsi prGrezové studie (Bergsland N. et al., 2012, Burgetova R. et al., 2021). Magon et al.
uvadéji miru zmény objemu thalamu za rok jako dulezity parametr v predikci zhorseni
klinického stavu (Magon S. et al., 2020). V nasi studii asociace objemu thalamu a EDSS
prokdazana nebyla.

Zvysena magnetickd susceptibilita v centralni Sedé hmoté muiZe mit pfimé nebo nepfimé
biofyzikalni pri¢iny. Pfimo je ovlivnéna diky akumulaci paramagnetického Zeleza a/nebo v
disledku diamagnetismu myelinu, diky kterému dochazi ke zvySeni susceptibility redukci
myelinu. Nepfimo by magnetickou susceptibilitu mohlo zvysSit zmenseni objemu struktur
hluboké sedé hmoty zvySenim koncentrace stavajiciho tkanového Zeleza, bez skutecného
ukladani Zeleza, tedy zvySeni susceptibility bez ovlivnéni bunék obsahujici Zelezo a
nesouvisejici se zménou myelinu (Hagermaier J, et al., 2018). Tato situace by predpokladala
negativni korelaci mezi magnetickou susceptibilitou a objemem struktur hluboké Sedé hmoty.
Ta u pacientl s NMO v nasi vySetfované skupiné nalezena nebyla. Zjisténé zvyseni magnetické
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susceptibility v substantia nigra u pacienti NMO v porovnani s kontrolami tedy neni
zpusobeno pouze zmensenim objemu této struktury, ale pfedevsim v dasledku akumulace
Zeleza. Obdobné sniZeni magnetické susceptibility thalamu u pacientl s RS nemUze byt
zpusobeno zménami objemu vzhledem k jeho soucasné atrofii ve skupiné RS, ale ukazuje na
depleci Zeleza vtéto oblasti. Vyssi obsah myelinu vthalamu neni vkontextu RS
pravdépodobny. Oblastmi, kde by se na zvySeni susceptibility mohla podilet lokdlni atrofie,
jsou pouze globus pallidus a pulvinar thalami ve skupiné pacientl s RS. Tam byla prokazana
negativni korelace téchto hodnot. Obecné vsak nizky obsah myelinu v jadrech hluboké sedé
hmoty naznacuje, Ze zmény susceptibility v téchto oblastech souviseji prevainé se zelezem.
Strukturou, u které bylo ve skupiné pacient( s RS nalezeno nékolik signifikantnich vysledkd a
korelaci, bylo putamen (tab. 15). V porovnani s pacienty s NMO a zdravymi kontrolami byla
prokdazana vétsi atrofie v souvislosti s vékem, asociace mezi klinickym postizenim vyjadfenym
pomoci EDSS a atrofii a mezi klinickym postizenim a vysSsi magnetickou susceptibilitou.
Korelace mezi magnetickou susceptibilitou a objemem struktury nalezena nebyla. Ve skupiné
RS byla kromé putamen zjisténa signifikantni korelace mezi hodnotami magnetické
susceptibility a vékem v nucleus caudatus a nucleus ruber.

U NMO nebyla korelace magnetické susceptibility s vékem vyznamnd v zadné z hodnocenych
struktur.

Hypotéza 1
Ve skupiné pacientll NMO a RS dochazi k akumulaci Zeleza v odliSnych strukturdch hluboké
Sedé hmoty. Vysledky vyzkumu potvrzuji hypotézu 1.

Hypotéza 2

U pacient NMO nebyla nalezena asociace mezi zvySenym ukladanim Zeleza, atrofii
jednotlivych struktur hluboké Sedé hmoty a klinickou zavaznosti.

Ve skupiné pacientl RS byla prokazana pozitivni korelace mezi zvysenym uklddanim Zeleza a
klinickym postizenim v putamen a negativni korelace mezi klinickym postizenim a objemem
putamen. Putamen je tedy jedinou strukturou hluboké sedé hmoty, kde byla v této skupiné
pacientl potvrzena hypotéza 2.
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8.8. Limity vyzkumu
Studie ma nékteré své limitace.

Za prvé, pocet pacientl s NMO zarazenych do studie je relativné maly, coZ je ddno vzacnym
vyskytem tohoto autoimunitniho onemocnéni. Do studie jsme zaradili vSechny pacienty
z naseho centra, ktefi byli schopni vySetfeni na MR.

Za druhé, neméfrili jsme susceptibilitu v zanétlivych lézich, kterou hodnotila napt. vyzkumna
skupina Sinneckera s vyuZitim 7T MR (Sinnecker T, 2016). Nase vySetfeni byla provddéna na
MR 1,5T, ktera takové detailni méreni neumoznuje.

Za treti, prirezovy design studie neposkytuje informace o ¢asové dynamice akumulace Zeleza
a objemu struktur. Longitudinalni nastaveni studie a ukladani Zeleza v bilé hmoté a zanétlivych
[ézich by mélo byt predmétem dalSiho zkoumani.
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0. Zaver

Ve studii jsme potvrdili, Ze vzorec akumulace Zeleza v mozku je u pacientli s NMO jiny nez u
pacientd s RS. NaruSena homeostaza Zeleza v mozku se u pacientli s NMO vyskytuje v jinych
strukturach hluboké Sedé hmoty nez u pacientd s RS. Vyznamnymi rozdily ve vySetfovanych
souborech byly zvySend magnetickd susceptibilita v substantia nigra u pacientd s NMO a
snizena magnetickd susceptibilita v thalamu u pacientd s RS, tedy sniZzeny obsah Zeleza v
thalamu. ProtoZe vSak koncentrace Zeleza v thalamu vykazuje specificky vzorec vyvoje v Case,
mohou tuto souvislost potvrdit pouze longitudindlni studie. Pro skupinu pacientl s RS se
ukazalo zajimavé putamen, kde byla nalezena negativni korelace mezi objemem a klinickym
postizenim a pozitivni korelace mezi magnetickou susceptibilitou a klinickym postizenim.
Magneticka susceptibilita neni u pacient(l s RS jen markerem onemocnéni, ale je také nezavisle
asociovana s klinickym postizenim. Metabolismus Zeleza by mohl u téchto pacientl odrazet
chronické oxidativni poskozeni. Stale vSak neni zcela jasné, zda se metabolismus Zeleza podili
na patogenezi onemocnéni nebo je pouze jejim disledkem.
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Background. Neuromyelitis optica (NMO) and multiple sclerosis (MS) are often presenting with overlapping symptoms. The aim of
this study was to determine whether and how NMO and MS differ regarding cerebral iron deposits in deep gray matter (DGM) and
the correlation between iron deposition and dlinical severity as well as to regional atrophy of the DGM. Methods. We analyzed 20
patients with NMO, 40 patients with a relapsing-remitting (RR) form of MS, and 20 healthy controls with 1.5T MRI. Quantitative
susceptibility mapping (QSM) was performed to estimate iron concentration in the DGM. Results. Patients with NMO have higher
magnetic susceptibility values in the substantia nigra compared to healthy controls. RRMS patients have lower magnetic
susceptibility values in the thalamus compared to healthy controls and NMO patients. Atrophy of the thalamus, pulvinar, and
putamen is significant both in RRMS compared to NMO patients and healthy controls. A correlation was found between the
disability score (EDSS) and magnetic susceptibility in the putamen in RRMS. Conclusions. This study confirms that a disturbed
cerebral iron homeostasis in patients with NMO occurs in different structures than in patients with RRMS. Increased magnetic
susceptibility in substantia nigra in NMO and decreased magnetic susceptibility within the thalamus in RRMS were the only
significant differences in the study sample. We could confirm that iron concentration in the thalami is decreased in RRMS
compared to that in the HC group. Positive association was found between putaminal iron and EDSS in RRMS.

1. Introduction

MS and neuromyelitis optica (NMO) are inflammatory
diseases of the central nervous system presenting with
overlapping symptoms; therefore, their differential diagnosis
cannot be based on clinical examination alone. The presence
of aquaporin-4 immunoglobulin G (AQP4-I1gG) in sera of
NMO patients definitely distinguishes these two diseases
[1]. Aquaporin-4 (AQP4) as a target antigen is expressed
on the cell membrane of astrocytes and ependymal cell. Bind-
ing of AQP4-IgG to AQP4 can cause complement activation
with subsequent cell destruction or internalization of AQP4
resulting in an impairment of osmotic balance. The majority
of NMQ patients have brain lesions, especially in areas with a
high expression of AQP4 (diencephalic lesions surrounding

the third ventricles and cerebral aqueduct, dorsal brainstem
lesions adjacent to the fourth ventricle, etc.); however, their
morphology and location differ from lesions typically
found in MS [2, 3]. Both entities also differ in pathology,
in autoimmune mechanisms, and in the response to some
immunotherapies. Neuroinflammatory and neurodegenera-
tive changes in multiple sclerosis (MS) are associated with
changes in cerebral iron accumulation as documented in
MRI and neuropathological studies [4, 5]. Abnormal iron
deposits have been detected in the deep gray matter
(DGM), i.e., in the putamen, caudate nucleus, and globus
pallidus and in a subset of white matter (WM) lesions
using iron-sensitive MR techniques such as R2* relaxome-
try, magnetic field correlation imaging, phase imaging, and
quantitative susceptibility mapping (QSM) [6-8]. On the
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TasLE 1: Demographic and clinical data in NMO, RRMS, and HC groups.

NMO RRMS HC P
No. of subjects 20 40 20 -
Gender (male) 4 (20%) 8 (20%) 4 (20%) 10
Age (years) 48+ 10 4719 50+ 8 0.54
Disease duration (years) 11.4+87 14.1+£8.2 — 0.25
EDSS (points) 4.5+1.2% 3.1+ 16" 0.0 £0.0* <0.0001
Annual relapse rate 05 (0-3)° 00 (0-2) 0.058

*All between-group difference significant (pairwise comparison), "median (range). Abbreviations: NMO: neuromyelitis optica; RRMS: remittent-relapsing
multiple sclerosis; HC: healthy controls; EDSS: expanded disability status scale. Unless otherwise indicated, data are presented as mean + standard deviation.

contrary, WM lesions in NMO patients do not contain
increased iron deposits [9]. Previous studies brought
inconsistent results as to whether there are any differences
in the iron content of DGM structures between MS and
NMO [4, 10].

The primary goal of this study was to compare iron con-
tent in DGM among patients with MS, NMO, and healthy
subjects using QSM. The secondary goals were to investigate
the correlation between iron deposition and clinical severity
and to assess regional atrophy of the DGM using volumetric
analysis in both patient groups.

2. Materials and Methods

This cross-sectional study was performed in accordance with
the Declaration of Helsinki, it was approved by the Ethics
Committee of the General Faculty Hospital and First Medical
Faculty, Charles University, and all participants signed
informed consent. Between December 2013 and March
2015, 20 patients with NMO underwent MRI of the brain.

2.1, Study Subjects. An age- and sex-matched cohort of 20
healthy controls (1:1) and 40 patients with a relapsing-
remitting (RR) form of MS (1:2) was examined within the
same time frame. The group of RR MS and controls is par-
tially overlapping with subjects included in our previous
study [7]. All patients with RRMS fulfilled the revised McDo-
nald criteria [11], and the diagnosis of NMO was based on
Wingerchuk’s diagnostic criteria [12]. Patients were exam-
ined by a specialist in demyelinating disorders. Neurological
disability was evaluated by Kurtzke disability status scale
(EDSS). All 20 NMO patients were AQP4-IgG positive; all
samples were tested by commercially available immunofluo-
rescence cell-based assay (CBA) using recombinant human
M1-AQP4 (Euroimmun, Liibeck, Germany). Demographic
data of the patients are shown in Table 1.

2.2. MRI. The examinations were performed usinga 1.5T MR
imaging system (Gyroscan N'T; Philips Healthcare, Best, the
Netherlands); a standard quadrature head coil was used. The
protocol included FLAIR (150 axial sections, TR 1000 ms,
TE 140 ms, TT 2600 ms, spatial resolution 1 x 1 x 1 mm?, scan
duration 10 minutes and 16 seconds), T1-weighted imaging
(fast-field echo/3D, 150 axial sections, TR 25 ms, TE 5.01 ms,
spatial resolution 1x 1 x 1mm?, scan duration 12 minutes
and 48 seconds), and susceptibility-weighted imaging

(fast-field echo/3D, 100 axial sections, TR 48.1ms, TE
33.2 ms, spatial resolution 0.8 x 0.8 x 2.0 mm?, scan duration
6 minutes and 30 seconds) pulse sequences.

2.3. Image Analysis. QSM images were reconstructed using a
total generalized variation method as previously described
[13]. Briefly, the reconstruction consisted of Laplacian
unwrapping, background field removal, and dipole inversion
by using the total generalized variation regularization in a
single integrated step. QSM images were rigidly aligned with
the T1-weighted images [7, 14]. Measurements of the volume
and regional median bulk susceptibilities in parts per billion
(ppb) were performed in the following regions of interest
(ROIs) segmented on the T1-weighted images using the
automated algorithm included in FreeSurfer, version 4.5
(http://surfer.nmr.mgh.harvard.edu/): globus pallidus (GP),
putamen (Put), caudate nucleus (CN), and thalamus (Thal)
(Figure 1). Additionally, the volume of the following struc-
tures was manually segmented on anonymized QSM images
by a senior radiologist blinded to the diagnosis: pulvinar thal-
ami (PT), nucleus ruber (NR), and the substantia nigra (SN);
median bulk susceptibilities were extracted (Figure 2). QSM
values were adjusted to a manually drawn ROI in the occip-
ital white matter avoiding any lesions. The volume of cerebral
structures was normalized using the residual approach
method, which uses linear regression between the volume
of the structure and the brain envelope [15].

2.4. Statistical Analysis. Statistical analysis was performed
using SPSS 19 (IBM Corp., Armonk, NY) and R (the R Foun-
dation for Statistical Computing, Vienna, Austria), Matching
of the groups was performed using the MatchIt function in R,
To test for statistical significance among the study groups, we
used ANOV A with Tukey’s HSD post hoc tests, the Kruskal-
Wallis test with Dunn’s post hoc tests, and x> test as appro-
priate. Correlation between EDSS and QSM was expressed
as Spearman’s rho coefficient. Two-tailed p values below
0.05 were considered significant.

3. Results and Discussion

3.1. Comparison of Magnetic Susceptibility among NMO,
RRMS, and HC. NMO had higher bulk magnetic susceptibil-
ity values in the SN (107.2 + 19.6) compared to healthy con-
trols (91.0 + 16.1, p=0.030) but not to RRMS (95.3 +22,
p=0.081). RRMS had lower susceptibility in the thalamus
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Figure 1: Example axial MR image slice depicting gradient-echo magnitude (a), raw phase (b), and quantitative susceptibility map (c).

Magnetic susceptibility scale in ppb is shown.

100

=100

Figure 2: Comparison of axial images at the level of
mesencephalon; gradient-echo magnitude (a) and quantitative
susceptibility map (b} of a typical healthy control (upper row) and
typical age-matched neuromyelitis optica patient (bottom row).
The substantia nigra is denoted by white arrowhead. Magnetic
susceptibility scale in ppb is shown.

(10.8 £5.6) compared to NMO (16.3 + 6.3, p=0.0086) and
HC (16.1 + 8.2, p=0.011) (Table 2).

3.2. Volume of DGM, Comparison of NMO, RRMS, and HC.
The volume of the thalamus was smaller in RRMS patients
(13.4 £1.2ml) compared to HC (14.3 £ 0.7 ml, p =0.0094)
and NMO (14.2 + 1.2 ml, p = 0.023). Significantly decreased
volume in RRMS patients was also noted in the putamen
and pulvinar, compared to NMO and RR (Table 3).

3.3. Association between Magnetic Susceptibility and Age.
There was a significant correlation of magnetic susceptibility
values with age in the nucleus ruber (r = 0.45, p = 0.0040),
the caudate nucleus (r=0.49, p=0.0013), and the putamen

(r =0.51, p=0.0007) in RRMS. In NMO, the correlation of
magnetic susceptibility with age was not significant in any
of the evaluated structures.

3.4. Association between Magnetic Susceptibility and
Disability. A weak correlation was found between the EDSS
disability score and magnetic susceptibility in the putamen
(r=0.32, p=0.046) in RRMS only (Table 4).

This study showed that patients with NMO have higher
magnetic susceptibility values in the substantia nigra
compared to healthy subjects. RRMS patients have lower
magnetic susceptibility values in the thalamus and greater
atrophy of the putamen, thalamus, and pulvinar compared
to healthy subjects and NMO patients. A positive correlation
was found between the disability score (EDSS) and magnetic
susceptibility in the putamen in RRMS.

In this work, we have confirmed that the pattern of iron
deposition is different in NMO compared to RRMS patients.
Notably, NMO patients have higher magnetic susceptibility
in SN whereas other basal ganglia in NMO patients have sus-
ceptibility values comparable to healthy subjects. On the con-
trary to our result, Chen et al. [4] observed increased iron
deposition in the bilateral SN in MS patients compared to
the NMO and control groups. There are several possible rea-
sons for this discrepancy. Firstly, compared to previous stud-
ies, NMO patients in our study are considerably older with
longer disease duration. In the theoretical case of a steeper
slope of age-related iron accumulation in NMO, the differ-
ence between patients and healthy controls may be apparent
only in older subjects. Secondly, QSM may be superior in
detecting abnormal iron deposits compared to other MR
methods, such as phase imaging or R2* relaxometry, used
in some previous studies [16]. Lastly, there is a difference
between SN pars reticulata and pars compacta which have
distinct iron levels and its concentration is regulated differ-
ently in these subregions [17]. Our segmentation based on
QSM images also included the caudal layers of SN and could
thus theoretically contain more of SN pars compacta. NMO
is a relatively rare disorder, and therefore, previous studies
targeting iron homeostasis in NMO included low number
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TasLE 2: Mean adjusted magnetic susceptibility (in ppb) in deep gray matter structures.

Mean susceptibility (+SD) (ppb)

Post hoc tests

HC NMO RRMS P HC-NMO HC-RRMS NMO-RRMS
Globus pallidus 83.7+11.1 91.0+£19.2 83.6 £16.1 0.21
Nucleus ruber 67.4 + 17 .4 71.7+17.8 66.6 +£19.5 0.60
Caudate nucleus 41.1 £10.1 36.9+11.2 39.3+£10.8 0.59
Pulvinar thalami 35.0+13.4 376+11.2 32.9+14.5 0.44
Putamen 30.7 + 7.4 26.5 +10.1 30.3+11.7 0.34
Substantia nigra 91.0+16.1 107.2+19.6 953 +21.6 0.030 0.032 0.69 0.081
Thalamus 16.1 £8.2 16.3+6.3 10.8 + 5.6 0.0019 090 0.011 0.0086
Abbreviations: NMO: neuromyelitis optica; RRMS: remittent-relapsing multiple sclerosis; HC: healthy controls.
TaBLE 3: Adjusted volume (ml) of the deep gray matter structures.
Mean volume (+SD) (ml) Post hoc tests
HC NMO RR P HC-NMO HC-RRMS NMO-RRMS
Globus pallidus 3.40+0.24 3.28 +0.39 3.13+£0.50 0.062
Nucleus ruber 0.45+0.11 0.45+0.13 0.39+£0.11 0.122
Caudate nucleus 6.91+0.59 6.87 + (.60 6.81+0.81 0.864
Pulvinar thalami 1.46 +0.31 1.54 + 0.35 1.07 £0.61 0.0008 0.847 0.0136 0.0023
Putamen 9.94 +0.75 10.02 £0.75 9.20 +£0.91 0.0026 0.900 0.0194 0.0079
Substantia nigra 0.73+0.15 0.76 £ 0.18 0.67 £0.16 0.124
Thalamus 1432 £0.73 1422 +1.21 1338+ 1.24 0.0032 0.900 0.0094 0.023

Abbreviations: NMO: nearomyelitis optica; RRMS: remittent-relapsing multiple sclerosis; HC: healthy controls,

TasLE 4: Associations of EDSS with adjusted magnetic susceptibility
values.

NMO RRMS
T P T P
Globus pallidus 0.077 0.747 0.033 0.839
Nucleus ruber 0.109 0.647 0.245 0.128
Caudate nucleus 0.095 0.692 0.215 0.182
Pulvinar thalami 0.062 0.794 -0.090 0.580
Putamen 0.142 0.550 0317 0.046
Substantia nigra 0.010 0.967 0.059 0.718
Thalamus -0.064 0.789 0.120 0.462

r, =Spearman’s correlation coefficient; p=p value. Abbreviations: NMO:
neuromyelitis optica; RRMS: remittent-relapsing multiple sclerosis.

of patients. Doring et al. found in a retrospective study of 6
female and 6 male patients with NMO that susceptibility
values were decreased in the nucleus ruber with a greater dif-
ference in older subjects [10]. In our study, which included
higher number of NMO patients with longer disease duration
and which was better balanced in terms of the gender preva-
lence of MS, we were only able to account for age-dependent
changes but could not confirm any between-group differ-
ences in magnetic susceptibility of the nucleus ruber. Unfor-
tunately, Doring et al. did not include SN in their analysis.

Nevertheless, previous studies using diffusion tensor imaging
(DTTI) also suggested gray matter abnormalities in NMO [18]
and abnormal pattern of movement-associated cortical acti-
vations in NMO depicted by a functional MRI study sup-
ported gray matter involvement in the disease [19].

Iron metabolism might reflect the chronic oxidative
injury in NMO patients. It is still unclear whether iron
metabolism is implicated in the pathogenesis of NMO [19].
The finding of isolated iron accumulation in SN resembles
the pattern observed in Parkinson’s disease (PD). Interest-
ingly, recent animal study showed high perivascular density
of AQP4 in the SN that was further increased in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model
of PD [20].

In this study, we confirmed that iron concentration
in the thalami is decreased in RRMS compared to the HC
group. This is consistent with the results of recently published
works [7, 8, 21].

Apart from the brain disease and its variants, course, and
duration [21], numerous other factors that result in iron
deposition abnormalities have been identified including gene
polymorphisms associated with iron regulation [22, 23].
Moreover, mere magnetic susceptibility of the tissue does
not perfectly account for its iron content because iron occurs
in forms with different magnetic properties. However, cor-
relation between tissue magnetic susceptibility and iron
concentration has been established in ex vivo studies
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comparing MR, histopathologic sections, and measurement
of iron concentration [16].

The magnetic susceptibility is not just a marker of the dis-
ease, but it is also independently associated with the clinical
disability in MS patients. We showed that increased suscepti-
bility in the putamen in RRMS patients is associated with
higher EDSS. The correlation between iron concentration
in putamen and clinical severity in MS is consistent with
the results in previously published studies [24-26]. In
contrast, Zivadinov et al. found a correlation between iron
accumulation and disability only in globus pallidus [21]. Fur-
thermore, he reported an association between disability and
decreased iron in the thalamus.

This study showed that patients with MS have smaller
volumes of the putamen, thalamus, and pulvinar compared
to NMO and HC. Several studies have identified reduction
in DGM volume in NMO patients [27-29]. The studies com-
paring regional GM atrophy in NMO and MS are rare and
have inconsistent results. Although some studies found
DGM atrophy in NMO restricted to the thalamus, the differ-
ence in our study was not significant [30, 31]. Nevertheless,
patients with cognitive impairment exhibit a more severe
atrophy. Decreased volume of the thalamus in NMO was
shown in the study of Fan et al,; volume was smaller in the
AQP4 (=) group and the MS group than that in the HC group
[32]. Duan et al. found atrophy in NMO patients in several
regions of frontal, temporal, parietal lobes, and insula but
not in the DGM [27].

This study has several limitations. Firstly, the number of
NMO patients enrolled in the study is relatively small given
the paucity of this autoimmune disease. Secondly, we did
not evaluate susceptibility changes in inflammatory lesions
as has been previously done by other research groups using
a 7T MR [2]. Thirdly, cross-sectional design provides no
information regarding the temporal dynamics of iron accu-
mulation. Iron deposition within white matter and inflam-
matory lesions should be the focus of further investigations
as well as longitudinal settings of the study.

4, Conclusions

Our study confirms that a disturbed cerebral iron homeosta-
sis in patients with NMO occurs in different structures than
in patients with RRMS. Increased magnetic susceptibility in
substantia nigra in NMO and decreased magnetic suscepti-
bility within the thalamus in RRMS were the only significant
differences in the study sample, We could confirm that iron
concentration in the thalami is decreased in RRMS compared
to that in the HC group. Positive association was found
between putaminal iron and EDSS in RRMS. The iron
metabolism might reflect the chronic oxidative injury. It is
still unclear whether iron metabolism is implicated in the
pathogenesis of NMO. The magnetic susceptibility is not just
a marker of the disease, but it is also independently associated
with the clinical disability; positive association was found
between putaminal iron and EDSS in RRMS, However,
as thalamic iron concentration shows a specific pattern
of evolution in time, only longitudinal studies may support
this association,
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contrast, Zivadinov et al. found a correlation between iron
accumulation and disability only in globus pallidus [21]. Fur-
thermore, he reported an association between disability and
decreased iron in the thalamus.

This study showed that patients with MS have smaller
volumes of the putamen, thalamus, and pulvinar compared
to NMO and HC. Several studies have identified reduction
in DGM volume in NMO patients [27-29]. The studies com-
paring regional GM atrophy in NMO and MS are rare and
have inconsistent results. Although some studies found
DGM atrophy in NMO restricted to the thalamus, the differ-
ence in our study was not significant [30, 31]. Nevertheless,
patients with cognitive impairment exhibit a more severe
atrophy. Decreased volume of the thalamus in NMO was
shown in the study of Fan et al.; volume was smaller in the
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not in the DGM [27].
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as has been previously done by other research groups using
a 7T MR [2]. Thirdly, cross-sectional design provides no
information regarding the temporal dynamics of iron accu-
mulation. Iron deposition within white matter and inflam-
matory lesions should be the focus of further investigations
as well as longitudinal settings of the study.
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differences in the study sample, We could confirm that iron
concentration in the thalami is decreased in RRMS compared
to that in the HC group. Positive association was found
between putaminal iron and EDSS in RRMS. The iron
metabolism might reflect the chronic oxidative injury. It is
still unclear whether iron metabolism is implicated in the
pathogenesis of NMO. The magnetic susceptibility is not just
a marker of the disease, but it is also independently associated
with the clinical disability; positive association was found
between putaminal iron and EDSS in RRMS. However,
as thalamic iron concentration shows a specific pattern
of evolution in time, only longitudinal studies may support
this association.
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Background: Iron accumulates in brain tissue in healthy subjects during aging. Our goal was to conduct a
detailed analysis of iron deposition patterns in the cerebral deep grey matter and cortex using region-based
and whole-brain analyses of brain magnetic susceptibility.

Methods: Brain MRI was performed in 95 healthy individuals aged between 21 and 58 years on a 3T
scanner. MRI protocol induded T1-weighted (TTW) magnetization-prepared rapid acquisition with gradient
echo images and 3D flow-compensated multi-echo gradient-echo images for quantitative susceptibility
mapping (QSM). In the region-based analysis, QSM and T1W images entered an automated multi-atlas
segmentation pipeline and regional mean bulk susceptibility values were calculated. The whole-brain analysis
included a non-linear transformation of QSM images to the standard MNI template. For the whole-brain
analysis voxel-wise maps of linear regression slopes P and P values were calculated. Regional masks of cortical
voxels with a significant association between susceptibility and age were created and further analyzed.
Results: In cortical regions, the highest increase of susceptibility values with age was found in areas
involved in motor functions (precentral and postcentral areas, premotor cortex), in cognitive processing
(prefrontal cortex, superior temporal gyrus, insula, precuneus), and visual processing (occipital gyri, cuneus,
posterior cingulum, fusiform, calearine and lingual gyrus). Thalamic susceptibility increased until the fourth
decade and decreased thereafter with the exception of the pulvinar where susceptibility increase was observed
throughout the adult lifespan. Deep grey matter structures with the highest increase of susceptibility values
with age included the red nucleus, putamen, substantia nigra, dentate nucleus, external globus pallidus,
caudate nucleus, and the subthalamic nucleus in decreasing order.

Conclusions: Accumulation of iron in basal ganglia follows a linear pattern whereas in the thalamus,
pulvinar, precentral cortex, and precuneus, it follows a quadratic or exponential pattem. Age-related changes of
iron content are different in the pulvinar and the rest of the thalamus as well as in internal and external globus
pallidus. In the cortex, areas involved in motor and cognitive functions and visual processing show the highest
iron increase with aging. We suggest that the departure from normal patterns of regional brain iron trajectories

during aging may be helpful in the detection of subde neurodegenerative and neuroinflammatory processes.
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Introduction

During the lifespan, the human brain undergoes
microstructural changes including grey matter atrophy,
myelin degeneration, or iron accumulation that can be
picked in vivo by various quantitative MRI techniques (1-4).
Knowledge about the spectrum of age-related changes in
brain structure and associated MR parameters is important
for understanding the neurobiology of aging and for
differentiating physiological aging from disease.

Magnetic susceptibility, a measure that indicates the extent
to which a material may be magnetized in external magnetic
field, can be quantified in tissues by a recent MR technique
called quantitative susceptibility mapping (QSM) (5). While
magnetic susceptibility of cerebral tissue may be influenced
by myelin, calcium, or deoxyhemoglobin, it is mainly
determined by ferritin-iron content in the basal ganglia and
other grey matter swuctures (6). QSM is thus considered as a
surrogate measure of iron content in the grey matter (7,8).

Cerebral accumulaton of non-heme iron occurs during
normal aging. This increase occurs heterogeneously in
certain cell types and brain regions such as basal ganglia,
hippocampus, motor cortex, cerebellar nuclei, and other
subcortical brain regions (9-13). Globus pallidus, substantia
nigra, red nuclei, and putamen are regions with the highest
iron deposition (14-16).

Iron is involved in numerous pathways in the brain
such as oxygen transportation, oxidadve phosphorylation,
DNA synthesis, mitochondrial respiration, myelin
synthesis, antioxidant enzyme activation, and metabolism
of neurotransmitters (13). On the other hand, disturbance
of iron homeostasis can lead to brain neurotoxicity by
different mechanisms such as membrane damage, protoxin
bioactivation, aberrant cell signaling, bioenergetic failure,
proteosomal and mitochondrial dysfunction, protein
aggregation and inclusion formation, electrophysiological
derangements, and synaptolysis, conveying all of these
factors on apoptosis, necrosis or a specific cell death
triggered by iron called ferroptosis (13,17,18). Increased
subcortical iron is associated with decreased cognitive
and motor functions in the elderly population (14,19,20)

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

suggesting that basal ganglia may be more vulnerable
to iron accumulation throughout aging, exposing
them to an increased risk of neurodegeneration or/and
neuroinflaimmation. Understanding normal patterns
of iron accumulation with aging might thus assist in
identifying subjects who are at greater risk of accelerated
neurodegeneration.

The majority of previous studies examining iron
accumulation during normal aging were based on region-of-
interest analysis of deep grey matter on R2* relaxometry and
magnetic susceptibility maps (21-27). Whole-brain analysis,
which is not limited to a priori predefined regions, has
been used only sparsely for studying age-related changes of
magnetic susceptibility and, by extension, of iron levels (28,29).

The objective of this study was to conduct a detailed
analysis of iron deposition patterns not only in the cerebral
deep grey matter but also in the cortex by a voxel-wise
analysis of QSM at the whole-brain level and using region-

based analysis.

Methods

The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). This study
was approved by the Ethics Committee of the General
University Hospital in Prague (ID1018/17), and all subjects
signed informed consent.

Study participants

Brain MRI was performed in 95 healthy individuals
(57 females and 38 males) aged between 21 and 58 (mean
+ SD = 37210) years, who responded to an announcement
presented at the First Faculty of Medicine, Charles
University and General University Hospital in Prague and
met the following inclusion criteria: (1) willing to sign an
informed consent in accordance with local regulations, (IT)
age 18-60 years (chosen to be comparable to that of adult
patients with multiple sclerosis). The exclusion criteria
were: (I) unable to undergo MRI examination, (II) unable to
be examined 4 times during the next three years at 0, 12, 24,
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36 months, (III) pregnancy at the time of enrollment into
the study, (IV) any diseases, medical conditions, or brain
MRI abnormalities that could influence the structure of the
brain or spinal cord,

Imaging protocol

The examination was performed on a 3T MRI scanner
(Siemens Skyra 3T, Siemens Healthcare, Erlangen,
Germany) with a 32-channel birdeage head coil. MRI
protocol included T'1-weighted 3D Magnetization-Prepared
Rapid Acquisition with Gradient Echo (MPRAGE) images
(T1WI) in sagittal plane with the following acquisition
parameters: repetition time (TR), 2,300 ms; echo time
(TE), 2.96 ms; inversion dme (TT) 900 ms; flip angle (FA)
97 field of view (FOV) 176x256x256 mm; spatial resolution
1.0x1.0x1.0 mm’ for anatomical imaging, and segmentation
and 3D flow-compensated multi-echo gradient-echo (GRE)
images in axial plane (TR =33 ms; first TE =4.5 ms, uniform
echo spacing =5 ms, last TE =29.5 ms, number of echoes
=6; FA =18% FOV =195x240x164 mm; spatial resolution
=0.94x0.94x0.94 mm’) for QSM.

QSM processing

QSM was processed by a multi-scale dipole inversion
algorithm implemented in QSMbox software package
(https://gitlab.com/acostaj/QSMbox) (7,30). TIWI
(i.e., MPRAGE) images were transferred into the
QSM space by rigid-body registering to the first echo
magnitude image from the GRE pulse sequence, using
the SPM12 (Statistical Parametric Mapping) tool, (www.
fil.ion.ucl.ac.uk/spm/software/spm12) (31) and skull
stripped by multiplying with an SPM-based brain binary
mask caleculated by QSMbox. Co-registered skull-
stripped QSM and T1WI entered an automated multi-
atlas segmentation pipeline using dual, i.e., QSM/T1,
contrast for delineation of DGM nuclei (32) implemented
at a cloud-based platform (www.mricloud.org) (33).
Subsequently, segmented volumes were eroded by one
voxel, and mean bulk susceptibility values of the following
regions of interest (ROI) were extracted: internal globus
pallidus, external globus pallidus, putamen, caudate
nucleus, thalamus, pulvinar, substantia nigra, red nucleus,
dentate nucleus, subthalamic nucleus, and total white
matter (Figure ). Magnetic susceptibility values from both
hemispheres were averaged and further analyzed as (I) raw
uncorrected values and (IT) values referenced to the mean

© Quantitative Imaging in Medicine and Surgery. All rights reserved,

bulk magnetic susceptibility of the total white matter.
Notably, the total white matter was segmented by the
automatic algorithm and its mean bulk susceptibility thus
represents a highly reproducible operator independent
measurement.

T2* maps processing

T2* relaxation maps were calculated from multi-echo GRE
magnitude images using non-linear least squares fitting
according to the Levenberg-Marquardt algorithm (MRI
Processor v.1.1.6, Image] 1.51k; T2* values were capped at
100 ms, the maximum number of iterations was 100, and
forced no bias). T2* relaxation maps were used for whole-
brain analysis.

Whole-brain analysis

The analysis was based on a procedure described
previously (28). Briefly, a linear pre-registration
(antsRegistration) and non-linear transformation
(antsApplyTransformation) of susceptibility and T2*
relaxation maps to the standard MNI template (MNI152
“ICBM 2009¢ Nonlinear Symmetric”) was performed
using ANTS package ver. 2.1.0 (34). To compensate for
a small mismatch in registration, we applied a median
filter followed by a maximum intensity filter, both
calculated across a sphere with a diameter of 3 mm.
This approach was chosen empirically—we have visually
compared the output images after eleven different
combinations of filters (median spherical, median cubic,
Gaussian spherical) with different kernel sizes applied.
The selected combination of filters yielded images with
a reasonable level of noise and detail and it appeared
to be the most suitable approach for co-registration of
susceptibility and T2* relaxation maps; the median filter
removed both positive and negative signal values caused
by vessels while the maximum intensity spherical filter
(3 voxels in diameter) compensated for imperfections in
co-registration of narrow structures (especially the gyri) to
the MNI152 template.

In a post-hoc analysis, a mask of cortical voxels with a
significant association of magnetic susceptibility and age
was created. This mask was overlaid onto an anatomical T1
template and nine ROTs consisting of voxels from this mask
were manually segmented using ITK-SNAP (www.itksnap.
org) (35): precentral gyrus, postcentral gyrus, dorsolateral
prefrontal cortex, medial prefrontal cortex, insular cortex,
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Figure 1 Hlustration of MRI data processing. Example (A) magnitude and (B) raw phase (TE =245 ms) GRE images; (C) reconstructed

(5M image and (D) corregistered skull-stripped T'1-weighted anatomical image that were used for automatic multiatlas segmentation; (E)

automatically segmented regions of interest overlaid onto anatomical image. ppb, parts per billion; GRE, gradient recalled echo; TE, echo

time; (QSM, quantitative susceptibility mapping.

precuneus, occipital cortex, occipito-temporal cortex,
and cerebellar vermis (Figure S1). Individual mean bulk
magnetic susceptibility values from these ROIs were
retrieved and further analyzed as described for deep grey
matter ROIs (25).

Statistics

Univariate regression analysis for regional age-related
magnetic susceptibility changes was performed with linear
and non-linear (quadratic and exponential) models and
the model with the best fit based on Akaike information
criterion with correction for small sample sizes (AICc), RE.
and root mean squared error (RMSE) was selected. For
linear relationships, regression slope () was expressed in

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

parts per billion (ppb)/year and its difference from zero was
tested by the F test.

The exponential model was based on one-phase
association and the susceptibility values were fitted with
the following equation: susceptibility = A*(1-exp[-B*age])
+ C, where A, B, and C are dssue-specific parameters (25).
Holm-Bonferroni method was applied to correct for multple
hypothesis testing. Statistical analyses were carried out using
Prism 8 (GraphPad Software, San Diego, CA, USA).

Whole-brain analyses of age-related magnetic
susceptibility and T2* relaxation time changes were
performed using SPM12. Statistical maps were generated
using a cluster definition threshold of P<0.005 (uncorrected)
and clusterwise family-wise error (FWE)-corrected
threshold of P<0.05. Voxel-wise maps of linear regression
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slopes P were visualized using MRIcroGL (htep://www.
nitre.org/projects/mricrogl); anatomical locations of
significant clusters were retrieved from the Atlas of Intrinsic
Connectivity of Homotopic Areas (AICHA) (36).

Results
ROI-based analysis

The age-related increase of magnetic susceptibility in the
basal ganglia followed a linear pattern, but in the thalamus
and pulvinar, it followed a quadratic and exponential
pattern, respectvely (Figure 2, Table S1). Deep grey matter
structures with a significant linear increase of raw bulk
magnetic susceptibility included the red nucleus (p=1.30,
P<0.001), putamen (p=0.89, P<0.001), substantia nigra
(p=0.76, P<0.001), dentate nucleus (f=0.73, P=0.002),
external globus pallidus (p=0.62, P<0.001), caudate nucleus
(p=0.46, P<0.001), and subthalamic nucleus (f=0.43,
P=0.024). The effect of age was not significant for the
internal globus pallidus (B=0.20, P=0.15). In the thalamus,
magnetic susceptibility increased until the age of 40 years
and decreased thereafter. In the pulvinar, susceptibility
increase was followed by a relative flattening of the curve
from the age of 40 years onwards. Analysis of magnetic
susceptibility referenced to the toral white matter value
returned similar results (Figures 52,53), whereby mean
magnetic susceptibility in the total white matter showed a
mild linear positive effect of age (B=0.03, P=0.002).

Whole-brain analyses

Results of the whole-brain QSM analysis documenting
magnetic susceptibility increase in ppb per year are
shown in Figure 3 and Table 1. In addition to deep grey
matter structures, multiple cortical regions with a positive
association of magnetic susceptibility and age were
identified in the precentral and postcentral areas, medial
and dorsolateral prefrontal cortex, superior temporal gyrus
and insula, posteriorly in the superior, lateral, and medial
occipital gyri, precuneus, cuneus, posterior cingulate,
fusiform, calcarine and lingual gyrus (P<0.05, FWE-
corrected). In the cerebellum, the vermis and tonsils showed
a significant positive correlation with age (P<0.05, FWE-
corrected). Spatial coordinates and anatomical labeling of
clusters with significant age-related magnetic susceptibility
increase are listed in Table 1.

Several regions showed magnetic susceptibility decrease

@ Quantitative Imaging in Medicine and Surgery. All rights reserved.

with age, although the effect was much smaller compared
to areas with susceptibility increase reaching B not greater
than -0.2 ppb per year (P<0.05, FWE-corrected). These
regions include distinct white matter areas, particularly
the rostrum of the corpus callosum, external capsulae,
mesencephalic tectum and tegmentum, and frontal and
temporal subcortical regions. Several extracerebral regions,
the choroid plexus, falx cerebri, and venous sinuses showed
age-related susceptibility decrease with pup to -1.0 ppb per
year (P<0.05, FWE-corrected).

Post-hoc analysis of magnetic susceptibility in cortical
regions with a significant effect of age showed its linear
increase in the postecentral, dorsolateral prefrontal, medial
prefrontal, insular, occipital cortices, precuneus, and
cerebellar vermis (§=0.2, P<0.001). In the precentral gyrus
and temporo-occipital gyrus, magnetic susceptibility
followed a quadratic pattern with a relatively steep increase
until the age of 40 years and flattening of the curve
afterwards (Figure 4).

Results of T2* analysis are shown in Figure S4 and
‘Table 52. The results are similar to QSM however, a larger
number of areas correlate with age. Compared to QSM,
associations are evident also in the white matter,

Discussion

In this study, we quantified age-related changes of magnetic
susceptibility in deep grey matter structures and the
cerebral cortex in a cohort of adult healthy individuals using
whole-brain and ROI-based analyses. We found a linear
association between age and magnetic susceptbility in deep
grey matter structures including the red nucleus, putamen,
substantia nigra, dentate nucleus, external globus pallidus,
and caudate nucleus. In the thalamus, quadratic association
with age was observed with magnetic susceptibility
increasing before and decreasing after the age of 40 years.
Whole-brain QQSM analysis documented that beyond these
regions, there is a significant positive association be tween
age and magnetic susceptibility in extensive areas of the
cerebral cortex—in the frontal lobes, Rolandic area, insular
area, precuneus, cuneus, posterior cingulum, and lingual
gyrus. Whole-brain T2* analysis showed a similar pattern
of age-related changes. In opposite to susceptibility, which
showed a positive effect of age only in grey matter, areas of
age-related T2* relaxation times shortening overlapped grey
and white matter structures, This is likely caused by the fact
that in QSM, the paramagnetic effect of accumulating iron
and the diamagnetic effect of maturating myelin counteract
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Figure 2 Bulk magnetic susceptibility values in ppb in deep gray matter structures as a function of age with their respective regression fits
and coefficients. Blue dotted lines represent 95% confidence bands of the regression fit and red dotted lines represent 95% population
prediction bands. Please note different Y-axis range for thalamus and pulvinar. ppb, parts per billion; GP, globus pallidus, STN, subthalamic

nucleus.
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Figure 3 Stadstical map of age-relared suscepuibility changes in the brain of normal adults represented as mean bulk suscepribility
increase in ppb per year (thresholded ar P<0.05 at cluster level and corrected for family-wise error; initial cluster definition threshold was
set to P<(.005 uncorrected). Z-coordinate in the MNI space in [mm] is indicated for each slice. ppb, parts per billion; MNI, Montreal

Neurological Institute.
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Table 1 Clusters with significant age-related suscepubility increase identified by whole brain analysis with corresponding anatomical locations

Cluster volume Peak susceptibility Peak T

[mm’]

MMNI coordinates [mm]

Peak structure

Anatomical structures within cluster

change [ppb/year] value X ¥ Z

10477 1.7 10.7 16 1 -5 Putamen” Right putamen, pallidum, caudate,
substantia nigra, red nucelus*

10,018 1.5 10.3 -14 1 -4 Putamen* Left putamen, pallidum, caudate, sub-
stantia nigra, red nucleus*

464 0.8 5.1 -15 -60 -37 Dentate* Left dentate*

369 0.7 4.9 15 -58 =37 Dentate” Right dentate®

3,126 0.5 7.0 -4 -1 56 Precentral gyrus Left precentral gyrus, paracentral lob-
ule

685 0.5 4.9 -23 -68 7 Calcarine gyrus Left calcarine, lingual, fusiform gy,
parietooccipital sulcus

914 0.4 4.8 -41 -21 4 Superior temporal Left superior temporal gyrus, posterior

gyrus insula

3,628 0.4 6.4 23 -22 63 Precentral gyrus Right precentral gyrus, paracentral
lobule

811 0.4 4.8 45 -16 0 Superior temporal Right superior temporal, supramargin-

gyrus al gyri, posterior insula

1,902 0.4 5.0 -8 -35 47 Cingulate sulcus Left cingulate sulcus, superior frontal
gyrus, paracentral lobule

252 0.3 6.4 29 -54 -16 Fusiform gyrus Right fusiform, lateral occipital gyn

303 0.3 4.7 5 -88 30 Superior occipital gyrus  Right superior occipital, calcarine gy,
cuneus

3,779 0.3 6.3 4 -26 66 Paracentral lobule Right paracentral lobule, cingulate
sulcus, superior frontal gyri

210 0.3 4.7 -25 -76 28 Middle occipital gyrus  Left middle occipital, angular gyri, in-
traoccipital sulcus

442 0.3 3.8 13 -30 0 Thalamic pulvinar* Right thalamus*

485 0.3 5.3 2 -55 -36  Cerebellum Cerebellar vermis

1,503 0.3 5.4 23 11 63 Superior frontal sulcus  Right superior frontal gyrus and sul-
cus, precentral sulcus

193 0.3 4.9 -4 -81 26 Cuneus Left cuneus, calcarine, superior occip-
ital gyri

383 0.3 4.1 35 11 25 Inferior frontal gyrus Right inferior frontal gyrus, precentral
sulcus

326 0.3 4.9 -2 -74 34 Parietooccipital sulcus  Left parietooccipital sulcus, precuneus

B35 0.2 4.6 45 -25 43 Postcentral sulcus Right postcentral sulcus and gyrus

1,241 0.2 4.7 -33 -4 54 Superior frontal gyrus  Left superior frontal sulcus and gyrus,
precentral sulcus

427 0.2 4.2 26 -73 29 Middle occipital gyrus  Right middle occipital, angular gyri,
intracccipital, intraparietal sulci

239 0.2 3.9 -50 -47 32 Supramarginal gyrus Left supramarginal, inferior parietal gy

373 0.2 41 -6 -66 -58 Cerebellum Left and right cerebellar tonsils

*Deep gray matter structures.
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each other in the white matter, while in T2* maps, both,
iron accumulation and myelin maturation with aging, cause
local magnetic field inhomogeneities and thus contribute
to the shortening of T2* relaxation times. This effect was
particularly noted in subcortical white matter regions which
are known to accumulate iron. Comparison of QSM and
T2* map analyses indicates that the former may be more
suitable for the assessment of age-related iron changes in
the cortical regions.

It is well known that the trajectory of brain iron
accumulation during the lifespan is not linear. A sharp
increase of tissue iron concentration (15) and subsequently of
magnetic susceptibility (25,27,37) during the first two decades
is followed by flattening of the curve or even decrease
at old age. Results of this study indicate the evolution of
susceptibility values is linear between the age of 20 and 60
vears for most deep grey matter and cortical structures. It is
likely that regions that showed an exponential relatonship
between age and magnetic susceptbility in the current study,
i.e., pulvinar, motor and occipito-temporal cortices, exhibit
less abrupt initial iron accumulation with flattening of the
curve shifted to an older age.

We found the largest effect of age on magnetic
susceptibility (the steepest regression slope) in the red
nucleus and putamen, which is consistent with previous
studies (11,27,38). The red nucleus has been previously
less investigated and, in some studies, the absolute
magnitude of susceptibility increase was higher for the red
nucleus than for the putamen (22,27,29), similarly as in
our study. Our observation of milder gradual increase of
magnetic susceptibility in the caudate nucleus, substantia
nigra, and dentate nucleus is also concordant with post-
mortem evidence (16) and several previous in vive MRI
studies (9,13,14,27 28).

In the pallidum, previous works reported contradictory
findings including no age-related susceptibility changes
(23,27,28), or mild iron accumulaton during adulthood (22).
A meta-analysis of 20 MRI studies that estimated iron
content in the caudate nucleus, globus pallidus, putamen,
red nucleus, and substantia nigra, documented the lowest
age-related differences in globus pallidus although it was
generally rich in iron in absolute value (11). Studies that
included infants showed an exponential pattern with a
steeply increasing iron concentraton as well as magnetic
susceptibility from birth and a plateau from the 3™ decade
onwards (13,14,16,38-40). However, these studies did
not aim at analyzing specifically the pallidal iron content
trajectory during the adult lifespan. Our results indicate

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

that the reason for contradictory findings may be the
differential contribution of external and internal globus
pallidus depending on segmentation strategy. In contrast to
the internal part, the external part, which is adjacent to the
putamen, showed a linear increase of susceptibility during
aging in the current study. A similar effect was observed for
R2* transverse relaxivity in another study that segmented
internal and external globus pallidus (29). These results
indicate distinct regulation of iron concentration in pallidal
subregions and suggest that internal and external globus
pallidus should be analyzed separately for proper assessment
of disease-related changes in this structure.

Thalamus presents an overall low iron content and it was
suggested that myelin contributes by a large degree to its
susceptibility masking the effect of small age-related changes
in iron content (41). On the other hand, the bidirectional
pattern with an initial increase until the age of 40 years
followed later by a decrease of magnetic susceptibility
observed in the current and a previous study (42)
conspicuously matches age-related changes in the thalamic
iron concentration measured in post morten tissue (15). It is
thus likely that thalamic susceptibility is mostly driven by
the effect of iron, similarly as in the basal ganglia. Contrary
to some previous studies (27), we and others have found a
positive age-related magnetic susceptibility inerease in the
pulvinar (42,43). It is interesting to point up the differences
between pulvinar and other thalamic nuclei. The pulvinar,
although being a posterior part of the thalamus, is visually
discernible on QSM and behaves unlike other thalamic
nuclei. Zhang et al. (42) suggests that in the medial and
lateral nuclei of the thalamus susceptibility follows a
bidirectional pattern while anterior nuclei and pulvinar
display gradual susceptibility increase with age. Overall,
there is converging evidence that MRI metrics sensitive to
iron content should be analyzed separately for pulvinar and
other thalamic nuclei.

Age-related changes in iron distribution in the
cerebral and cerebellar cortex in vive have been much
less investigated. It may be related to the fact that the
cerebral cortex has more complex and variable anatomy
than deep grey matter nuclei and its automatic analysis
at a group level requires non-linear transformation to
match corresponding regions among subjects. Further
challenges include the thinning of the cortex and
widening of subarachnoid cerebrospinal fluid spaces in
cerebral sulci with cerebral atrophy that accompanies
aging. Results of the current whole-brain analysis largely
corroborate findings from a single previous voxel-based
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QSM study in that cortical magnetic susceptibility
evolves unevenly during aging (28,29). The strongest
effect of age was found in areas involved in the motor
(Rolandic area, premotor cortex, cerebellar vermis),
cognitive (dorsolateral prefrontal cortex, insular region,
precuneus), and visual (cuneus, posterior cingulum,
lingual and fusiform gyri) cortical areas. This is also in
line with the direct measurement of iron concentration
in post mortem tissue (15) which indicates that iron has
an important contribution to magnetic susceptibility in
the cortex. Overall, structures that accumulate iron with
aging contain dopaminergic iron-dependent pathways and
it was hypothesized that both, changes in iron content
and dopaminergic transmission may be responsible for
behavioral changes during aging (27,28,44).

In the white matter, magnetc susceptibility is predominandy
affected by diamagnetic myelin and it was previously shown
to follow a trajectory of initial susceptibility decrease reaching
its minimum between 25 and 45 years of age, followed by
an increase, consistent with myelin maturatdon and decay in
the course of normal brain development (25). We found a
small but significant positive effect of age on the magnetic
susceptibility of the total white matter, similar to a previous
study (30) suggesting that susceptibility in most white matter
regions was beyond its minimum in the examined age group.
However, the whole-brain QSM analysis revealed white matter
regions with a small negative effect of age corresponding to
areas with an age-related decrease of T2* relaxation time,
predominantly in the fronto-temporal subcortical areas and
rostral corpus callosum which are regions where myelin
maturates in late adulthood (45).

In line with previous studies (25,28) which demonstrated
that the effect of age on magnetic susceptibility outweighs
the impact of reference adjustment, we have used raw
unreferenced values for the main analysis in order to avoid
bias introduced by manual reference region placement.
Secondary analysis with magnetic susceptibility referenced
to the mean value of total white matter confirmed a
negligible effect of susceptibility adjustment.

This study has several limitations. Firstly, its cross-
sectional nature does not allow direct analysis of individual
regional magnetc susceptibility values evolution throughout
aging. A longitudinal study will be necessary to confirm
the relationship between aging and magnetic susceptibility.
Secondly, the age spectrum of participants spanning 20-
60 years does not include adolescents and seniors; the results
are thus not generalizable to these populations, The primary
aim of this study was to provide reference values for multiple

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

sclerosis patents, but the results may be as well used for other
diseases with an adult onset, e.g., Huntngton disease, Wilson
disease, or neuromyelitis optica (46,47). Thirdly, magnetic
susceptibility is only a surrogate marker of iron concentration
and is also influenced by other substances such as diamagnetic
myelin. However, an excellent match of susceptibility
values with previously published directly measured iron
concentrations indicates that for grey matter structures,
magnetic susceptbility is dominanty influenced by iron and
the confounding effect of myelin is rather small. Fourthly,
voxel-based analysis of the brain involves non-rigid warping of
anatomy to match the template. This is inherendy associated
with registration errors that may lead to false-negative age-
related associations for some brain areas. Lastly, susceptibility
changes are presumably influenced not only by absolute iron
content but also by changes in the relative iron concentration
secondary to age-related reductions in volumes of evaluated
structures (48). However, such complex relationships cannot
be inferred from this cross-sectional study:

In conclusion, we have demonstrated that iron accumulates
in specific brain regions with different patterns. Regions most
prone to accumulate iron are the ones involved in the motor,
visual, and cognitive functions. Iron accumulaton follows a
linear pattern during adult lifespan in the basal ganglia and
most cortical areas but in the thalamus, pulvinar, precentral
and occipito-temporal cortices, it follows a quadratic or
exponential pattern. Changes in iron content during aging
are different in the pulvinar and the rest of the thalamus. We
suggest that whole brain analysis of magnetic susceptbility
and segmentation of thalamic and pallidal subregions is
beneficial for proper assessment of aging and disease-related
changes in cerebral iron content. Departure from normal
patterns of regional brain iron trajectories during aging
might be helpful in the detection of subtle neurodegenerative
and neuroinflammatory processes.
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i Hlavnistanovisko price

i Sdélenf priblizuje priznak centralni Zily a Felez-
¢ ného prstence, se kterymise mohou étendfi

i sathat na MR vysetie ni maz b

. SOUHRN

¢ Burgetovd A, DuSek P, Burgetovi R, Pudlaé A,
i Lambert L. Pfiznak centrlni Zily a Zelezného
i prstence u roztrou Sené sklerdzy

i Sdéleni predstavuje méné znamé rysy Lézi bilé
¢ hmoty u pacientil s roztrousenou sklerdzou,

¢ které zeidentifikovat na MR sekvendch dtli-

¢ wych na zmény Lokaln susee ptibility. Priznak

¢ centralni Zily (centralvein sign) oznacuje n dlez
¢ Zily prochazejici lézi bilé hmoty a lze ho nalézt
: uwice nez poloviny Lézl bilé hmoty u padenti
Posraztrovdenou sklerdzou. Priznak Zelezného

¢ prstence (imn fimsign) piedstavuje tenké

¢ prstencit ohranide ni léze bilé hmoty zplsc-

i bené nahromadénim ma krofdgh a mikroglif

i swysokym obsahem Zeleza, ty picky u chronicky
i aktivnich Lz,

Kli¢ova slova: roz trouge nd skle dza, magne-
i fickd mzonanee, plaka, susceptibilng vaze né
i obrazy, Zeleza.

uvoDn

Magnetickd rezonance (MR) mozku

a michy je zikladni zobrazovac meto-
douu pacientdl s podezfenim na roz-
trougenou sklerdzu (RS) (1). Ackoliv se
na diagnéze podili klinickéi laboratorni
vysetieni, lze diagnosticka kritéria
splnit ndlezem diseminace v éase

a prostoru z MR vysetieni na zdkladé

Major statement

The paperintroduces the central vein sign and
the iron rim sign, which maders may e ncounte
on brain MRL

SUMMARY

Burgetovd A, Duiek P, Burgetovd R, Pudlaé
A, Lambert L. Centralvein sign and ironim
sign multiple sclerosis

Inthis artide, weintroduce Less-known
features of white matter lesions in patients
with multiple sclerosis, which can be identified
on MR sequences sensitive to chan ges in local
suscephibility. The central vein sign indicates
afinding of avein passing through a white
matter lesion and can be found in more than
half of the white matter lesions in patients with
multiple sclerosis. The iran fim sign is a thin
annular rim of a white matter lesion caused by
accumulation of iron laden macrophages and
microglia, typically in chranic-active lesions.

Keywords: multiple sclerosis, magne tic reso-
nance imaging, white matter lesion, susoe pti-
bility weighted imaging, imon.

McDonaldovych krité riia vias né ovliv-
nit pribéh onemocnéni lécbou (2).
Nalez hypersigndlnich lézi v bilé hmoté
na sekvenc T2/ FLAIR (white matter
lesions - WML) je casty a ma Sirokou
diferencidlni diagndzu (3). K odligenf
RS ajinych patologii ndm v nékterych
pfipadech mohou pomod dalsi ty pickeé
obrazy na MR, a to pfiznak centralni #ly
aZelezné ho prstence.
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Priznak centralni ZHly v demyelinizacnich lézich bilé hmoty (3ipky) u 34letého padenta s relaps-remitent ni for mou roztroudené sklerdzy
na MR v 3D FLAIR (a), SWI (b), T2 GRE (c), T1 po Gd (d) na transverzalnim fezu (nahofe) a v detailu (dole, Zlutd a oranzova dipka). Centrél
ni &y probihajl kolmo na postranni komory, na SWILa T2 GRE jsou asigna Lni, postkontrastné se syt

Central vein sign in a 34-year-old male wit h relapsing-remitting form of multiple sderosis on MR in 3D FLAIR (a), SWI (b}, T2 GRE (c) . T1
postGd (d) on transverse (above) and detailed view (below).Central veins are thin traces than run perpendicular to the lateral ventricles.
On SWIand T2 GRE they are hypointen se and enhance on T1 postGd.

PRIZNAK CENTRALNI ZiLY

Jako priznak centralni Zily (central
vein sign) oznacujeme nalez cent-
ralnizily prochdzejici lézi bilé h moty.
Ma sekvend gradientniho echa (T2*) se
zobrazuje jako tenkd (primér<2 mm)
hyposigndlni linie nebo tedka (ve dvou
na sobé kolmych rovindch). Prochazi
stiedem nebo v blizkosti stiedu této
hypersignalni léze {obr. 1). Piiznak
centrdlni Zily nelze spolehlivé hodn otit
u malych lézi (< 3mm) a splyvajicdch
L&zf (4).

Centrélni zila vice wynikne
na susce ptibilné vazemjch sekvencich
(“susceptibilityweighted imaging”,
SWIL) s wsokym rozlise nim, kde je diky
paramagnetickymvlastnoste m deoxy-
hemoglobinu asignélni (obr. 1) (5, 6).
SWI obrazyvznikaji postprocesingem
sekvence gradientniho echa swuii-
tim magnitudowch a fazowjch obrazi
(7). Zily lze dile nwfraznit pouzitim
minlP (minimum intensity projection).
Priznak centralnizily Lze identifi kovat
na MR mozku u zhruba tFi ctvrtin (749%)
lézi u pacienti sRS pfi zobrazeni na 37
piistrajich (8). Venocentrickd distribu-
ce je lépe patrnd u [zl lokalizovanych
periventrikuldrné (84 %), kdejsou cen-
trdlni Zily £iréd, smérem ke kife zachyt
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centralni Zily klesd (25 %). 0 néco
castéjsije u mladsich pacientd s RS (9).
Predpoklddd se, Ze ndvaznostléziu RS
na centrdlni Zily je disledke m prestupu
zd nétlivych elementd do parenchymu
mozku pravé vtéchto mistech (4). Jako
rozumnd hranicnihodnota pro odligeni
RS a jinych patologii se uvddi 40 %
loZise k s pfiz nake m centralni zily. Tuto
hodnotu lze spole hlivé urit i odhadem
(10). Dalsi moznost jakzobrazit cent-
rdlni Zilu je postkontrastni MR vysetieni
(obr. 1).

I spektra onemocnéni neuromye-
litisoptica Lze identifikovat kontakt
lézi s centralniZilou uzhruba tietiny
nemocnych, nicméné ziidka se jednd
otypicky pribéh centralni zily stfedem
léze (11). U systémovych onemocnéni,
vaskuldrnich L&zl pfi mikroangiopatii
a dalgich onemocnéni se pfizna kcent-
ralni Zily rovnéz vyskytujejen u mensiho
poctu lézf (12, 13).

PriznakcentrdlniZily a jehowvyznam
pro odligent Ezi bilé hmoty u RS od jiné
etiologie Lézi bilé hmoty je intenziv-
né zkoumanou entitou. Jeho klinicky
wyznam nenidosud pfesnévymezen. Pro
pfipadné zaclenéni pfiznaku do dia-
gnostickyeh kritérii RS neniv soucasné
dobé dostatek klinickych dat. Ma roz-
dilod kvantifikace poctu Eziu RS je

automatizovany software pro hodno-
ceni priznaku centralnizily na pocdtku
vyvoje (14).

PRIZNAK ZELEZNEHO
PRSTENCE

Priznak Zelezného prstence (iron rim
sign) je tenké hyposigndlni prsten-
Cité ohranicenide myelinizaéniléze

u pacient( s roztrougenou sklerdzou
nejlépe viditelné na sekvencich 12*

a SWI{obr. 2) (15). Neuropatologickym
podkladem tétoabnormity je akumula-
ce a ktivova nych mikroglifa makrofégd
s wsokym obsahem paramagnetické ho
Zeleza na okraji demyelinizacnich plak
(16). Léze, ukterych Lze tento prstenec
identifikovat, jsou tzv. chronicky aktivni
é  doutnajid” léze, které wykazuji
pomaly nist na podkladé pretredvaji-
cich zanétliych zmén (17). Pritomnost
prstence koreluje s mnozstvim Ezi

s priznakem centrdlniZzily (18) a s veli-
kost lézi. Priznak Zelezného prsten ce
je specificky pro RS, kde je dete kova-
telny az u 50 % pacientd, a nevyskytuje
u jimych de myelinizacnich one mocnéni
viéetné neuromyelitis optica (19, 20).

U RS pacienti s delsim trvdnim nemoci,
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Primak Zelezného prstence na SWI (a, b) a 3D FLAIR (c) u 49 leté pacienty s relaps-remitentni formou roztrousené sklerdzy. Plaka v bilé
hmoté supraventrikuldrné vpravo je na SWIobkrouZena hyposignalnim lemem. Patrny je scuéasné i piiznak centralni Zily - centralné ulcfend
asignalnitecka (&Hla sméfuje kolmona fez).

Iron rim sign onSWI (a, c) and 3D FLAIR (b) MRIimagesina 49-year-old female with relapsing-remitting form.The plaque is circumscribed
by a hypointz nse rim. The e ntralveinsignis also presentas a hypointense dot in the center of the lesion on SWI {the vein is perpendicular to the
section).

kdy se predpokliadd wyhasindni imunitni ZﬁvER
aktivity, je frelvence Ezf s Ze lezmim

prstencem nizii (21, 22).Je Castéjsi Domnivame se, Ze se ctendfi naieho

u stargich pacientd a pacienti s wraz- casopisu s priznakem centralni Zily
néjsim funkeénim postizenim (23). Prste-  a pfiznakem Zelezného prstence mohou
necje rovnéz castéi patryu perivent- v praxi setkdvat a doufdme, Zejsme
rikuldrnich Lézi. timto obohatilijejich diagnostické moz-

nosti a radiologicky slovnik. @
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